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ABSTRACT 
Influence of Friction Stir Welding on the Microstructural Evolution, Mechanical Properties 
and Superplastic Behavior of Al-Cu-Li Alloy (AA 2095) 
 By: Moataz Mohammad Mahmoud Attallah 
The American University in Cairo 
Adviser: Dr. Hanadi A. G. Salem  
 
 
Friction Stir Welding (FSW) is a new solid state welding technique which is characterized by 
its ability to join the difficult-to-weld alloys, notably aluminum alloys. Microstructural studies 
revealed that FSW produces fine grain structure within the weld nugget due to the extensive 
plastic deformation and dynamic recrystallization (DRX) associated with it. Further studies 
hypothetically suggested that thermo-mechanical processing using friction stir can be used as 
a technique to create ultra-fine grain structure for superplastic forming (SPF). Yet, a more 
practical and economic suggestion indicated the suitability of combining FSW with SPF 
technologies in a way similar to the existing combination of diffusion bonding (DB) and SPF. 
 
In this research, FSW was applied to DRX Al-Cu-Li alloy (AA 2095) with 2  average 
grain size, prepared for SPF. To measure the retention of the room temperature mechanical 
properties and superplastic behavior (SPB), FSW conditions were prepared to experimentally 
and statistically evaluate the effect of the two main process parameters (tool rotation speed, 
feed rate). Macro- and microstructural investigations of the weld conditions were carried out, 
as well as in the post heat treated condition. Microhardness profiles were developed to 
examine the hardness distribution within the weld zone. Room temperature tension testing 
was carried out for the as-welded, naturally aged, and artificially aged conditions to assess the 
effect of FSW on the mechanical properties compared to the as-received DRX sheets. High 
temperature testing was carried out using constant strain rate tensile testing to study the 
impact of weld parameters, as well as other SPF parameters (strain rate and temperature) on 
the elongation-to-failure and the strain rate sensitivity of the material. Potential linking 
 v 
between the measured power and heat input during welding and the mechanical properties 
was also explored.  
 
Experimental work revealed that aluminum alloys are readily weldable using FSW. Retention 
of mechanical properties was observed to a great extent, either in the as-welded or the post-
heat treated conditions. Most importantly is the retention or in fact the improvement of SPB 
exhibited within the stir zone. The examined process parameters (tool rotation speed, feed 
rate) had an interaction rather than an individual impact on the as-welded microstructure and 
room temperature mechanical properties. However, weld sections in the post heat treated 
condition showed that the interaction effect ceased to exist after heat treatment, and the effect 
of individual parameters became significant. Microstructure of the heat treated welds showed 
abnormal grain growth taking place within the weld. Moreover, the tool rotation speed 
showed to be the more decisive parameter for structural refinement as revealed by the 
experimental and statistical analysis. 
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CHAPTER I 
INTRODUCTION 
 
The demand for economic forming technologies, weldable alloys, and welding techniques, 
has considerably delayed the introduction of ultrahigh specific strength aluminum alloys to 
replace steel alloys in the transportation means manufacturing industry; aerospace, automotive 
and railway. Significant work that was carried out during the previous 40 years devised 
various techniques and alloys that increased the potential applications for aluminum alloys in 
the coming period as shown in Fig. 1-1. 
 
 
 
Fig. 1-1: Increased usage of aluminum in automotive applications. Aluminum usage in kg/car 
(European market) (Kallee et al, 1999)  
 
Until recently, joining wrought aluminum alloys was considered to be a major problem since 
Al-alloys are classified as difficult-to-weld materials. Aluminum 2xxx and 7xxx series alloys 
are generally known to be unweldable as they require a shielding inert gas due to their high 
affinity to oxygen and their excessive susceptibility for liquation cracking and porosity. 
 2 
Moreover, heating, melting and solidification during welding of Al-base alloys cause 
microstructural changes and grain growth, which in return affects their ambient temperature 
mechanical properties, as well as their formability. Focused materials research led to the 
introduction of new class of Al-base alloys, which are characterized by their good weldability, 
notably the Weldalite 049 (Al-Cu-Li) family (Srivatsan et al, 1991).  
 
Al-Cu-Li base alloys are characterized by their excellent mechanical properties, which 
enabled their use for aerospace structural components. The addition of lithium to aluminum-
copper (2xxx series) and aluminum-magnesium (5xxx) alloys produced a new class of 
aluminum alloys that are characterized by high specific properties. Every 1% of lithium 
addition to an Al-base alloy reduces its density by about 3%, and increases Young's modulus 
by 6%. It also produces an alloy of excellent fatigue crack growth resistance and cryogenic 
toughness properties (Davis, 1993). 
 
Fine grain structure Al-Cu-Li alloys showed also an interesting property of significant metal-
forming potential, which is superplasticity. Superplasticity is a property associated with 
materials that are capable of undergoing large uniform deformation with no local thinning 
(necking) prior to failure, with a strain percent of a few hundreds. Superplasticity has been 
reported at deformation temperatures greater than 0.5 Tm in materials characterized by fine 
grain size (within an order of 1-10 ). This property is similar to creep, whereas creep is 
considered as a failure mechanism, superplasticity is regarded as a manufacturing 
requirement. This property makes the manufacturing of complex parts possible with relatively 
low tooling costs in a manufacturing technology known as Superplastic Forming (SPF). 
However, aluminum alloys of superplastic behavior lose their superplastic nature after fusion 
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welding due to the loss of the fine grain structure in the weld nugget and the heat affected 
zone (Charit et al, 2002). 
  
Late 1991, Friction Stir Welding (FSW), a new solid-state welding process, was invented by 
TWI in Cambridge (UK). The process creates solid state welds through a rotating shouldered 
pin, which creates friction and stirring when applied to the separation joint between two 
butted plates. The advancing rotating pin welds the two pieces together through the stirring 
action of the pin. The heating effect produced by the friction between the tool shoulder and 
the work piece creates the temperature required to soften the material, which facilitates the 
stirring/welding action (Kallee, 2002).   
 
The process was successfully implemented in the fields of aerospace, marine and land 
transportation industries. It replaced conventional fusion and solid-state welding processes in 
several applications due to its ability to join unweldable (difficult-to-weld) alloys. The 
process is capable of welding long plates/sheets of a wide range of thicknesses of aluminum, 
copper, steel, lead and titanium alloys.  
 
Previous research in the area of Friction Stir Welding (FSW) focused on the practical 
application of this technique to different materials starting from aluminum, copper, and 
stainless steels, ending with metal matrix composites and metal foams. Other investigators 
focused on the microstructure and material flow, thermal and fluid modeling, weld 
performance, heat input measurements, and fatigue and corrosion properties of the welds. Yet, 
very limited research has been published discussing the effect of process parameters (notably 
the tool rotation speed and feed rate) on the strength of the welded joints. Moreover, most of 
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the research work conducted was investigating the microstructural and mechanical properties 
of direct chill or as-cast FS welded plates with coarse grain structure. 
 
Metallographic studies of the grain structure resulting from FSW showed that the process 
caused significant grain refinement in the weld zone. Early speculations indicated that this 
effect can be utilized to produce fine grain structured materials, which are suitable for 
localized superplastic forming (SPF). In the last four years, a new area of interest appeared in 
friction stir research, which is the so-called “friction stir processing” (Mishra et al, 2001). 
 
This research is carried out as a part of joint research project between the Mechanical 
Engineering Departments of both the American University in Cairo (AUC) and the University 
of South Carolina entitled “Combining Friction Stir Welding and Superplastic Forming 
Manufacturing Technologies for Structural Metals for the Transportation Industry.” The 
project is funded by the USA-Egypt Joint Board on Science and Technology (USEJB). The 
role of the AUC is to investigate the ambient temperature mechanical properties of the friction 
stir welded 2095 thin sheets prepared for superplastic forming (2  grain size) in various 
temper conditions (as welded, natural and artificial aging), as well as the high temperature 
uniaxial tension testing of the superplastic behavior of the welded joints.     
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CHAPTER II 
LITERATURE REVIEW 
 
II.1 SUPERPLASTICITY 
II.1.1 HISTORICAL BACKGROUND 
Superplasticity is a phenomenon associated with polycrystalline solids having the ability to 
undergo large uniform neck-free plastic deformation prior to failure as shown in Fig. 2-1. 
Superplasticity was observed as early as early 1910s; however the exact description and 
investigation of its potential practical applications did not start until the 1960s. For five 
decades (1912-1962), superplasticity remained as a topic of laboratory interest rather than of 
an area of practical potential (Nieh et al, 1997).  
 
 
Fig. 2-1: A Bi-Sn alloy that has undergone 1950% elongation (Nieh et al, 1997) 
 
The real motive behind the rise of interest in superplasticity in the second half of the previous 
century was probably the competition between the Western and Soviet scientists at that time. 
In 1962, W. A. Backofen and his colleagues at the Massachusetts Institute of Technology 
were stopped by an English review of a Soviet paper that observed a ductility of 650% 
achieved in Zn-Al alloy after quenching from 375°C and deformation at 250°C. In 1964, 
Backeofen et al published a revolutionary paper entitled “Superplasticity in Al-Zn Alloy” that 
was considered the real revival for interest in superplasticity in the Western world. In this 
paper, a model for superplasticity was investigated through strain-rate sensitivity 
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measurements. The paper concluded with an experiment to investigate the bulging limits of 
Al-Zn sheet, and as the authors indicated: “Behavior was remarkable. Appearance is much 
more like that of a polyethylene film than metal sheet.”     
 
Research in the area of superplasticity started to spread in various areas, such as: theoretical 
modeling, development and investigation of superplasticity in new materials, the preparation 
of materials to attain superplastic behavior, and indeed the practical applications of 
superplasticity in industry.   
 
II.1.2 DEFINITION 
The term Superplasticity was first coined by the Soviet scientists in 1945 in the Russian word 
“Sverkhplastichnost” (Padmanabhan et al, 1980). Yet, it took the scientific community 
slightly less than five more decades to unanimously accept a definition of superplasticity. At 
the 1991 International Conference on Superplasticity in Advanced Materials (ICSAM-91) in 
Osaka-Japan, the conference proposed and accepted the definition of superplasticity as: 
 
“Superplasticity is the ability of a polycrystalline material to exhibit, in a generally isotropic 
manner, very high tensile elongations prior to failure.” (Nieh et al, 1997) 
 
II.1.3 TYPES OF SUPERPLASTICITY 
Three types of superplastic behavior are described in the literature. The first two types, which 
are 1) micro-grain, microstructural, structural, or fine-structure superplasticity (FSS), and 2) 
transformation, environmental, or internal stress superplasticity (ISS), have been defined since 
the 1980s. Recently, the third type High-strain-rate superplasticity (HSRS) was introduced, 
although it can be classified as a kind of FSS (Nieh et al, 1997).  
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II.1.3.1 FINE-STRUCTURE SUPERPLASTICITY (FSS) 
This type was encountered in a variety of metallic fine-grained materials, and some ceramics 
and intermetallics. The main material requirements for this type are (Goforth et al, 1993): 
1. Fine, equiaxed, and stable grain structure of grain size less than 10  
2. A high strain rate sensitivity (m > 0.3) 
3. Low deformation rates (strain rates range of 10-2-10-4 s-1) 
4. Processing temperature > 0.5 Tm (usually within a range of 0.7-0.9 Tm) 
5. Resistance to grain coarsening and void nucleation during high temperature 
deformation 
 
II.1.3.2 INTERNAL-STRESS SUPERPLASTICITY (ISS) 
In some materials, if internal stresses are developed inside it due to thermal, pressure cycling, 
or other reasons, the material can undergo tensile plasticity under the application of small 
external stress. ISS materials are known to have a very high strain rate sensitivity that may 
reach as high as unity (almost a Newtonian viscous fluid behavior). In this type, grain size is 
not a necessary parameter since the process is slip-controlled. The major parameter is the 
internal stress, which can be generated by: 
1. Thermal or pressure cycling of materials exhibiting polymorphism during a phase 
transformation. 
2. Thermal cycling in pure metals or single phase alloys that are characterized by 
anisotropy in their thermal expansion coefficients. 
3. Thermal cycling when applied to composite materials whose constituents have 
different thermal expansion coefficients (Nieh et al, 1997).  
 
II.1.3.3 HIGH-STRAIN-RATE SUPERPLASTICITY (HSRS) 
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This type of superplasticity can be regarded as a type of FSS, but due to its important practical 
potential it was grouped under a single category of its own. FSS takes place at slow strain 
rates, which is the main barrier for practical application. HSRS was observed in some 
materials at strain rates of about 10-1 to 101 s-1 (Nieh et al, 1997).   
 
II.1.4 TYPES OF SUPERPLASTIC MATERIALS 
In the same conference (ICSAM-91), various superplastic materials were described by the 
participants. These materials fell into three major categories as traced in Fig. 2-2:  
a. Metallic alloys and composites: which includes aluminum, copper, nickel, titanium, 
magnesium, and steel alloys, as well as metal matrix composites. 
b. Intermetallics 
c. Ceramic and ceramic matrix composites 
 
Interest in metallic superplasticity has probably been the oldest, which in return was reflected 
in the progress of this field either theoretical or practical progress. In general, superplastic 
metallic alloys can be divided into two major classes: pseudo single phase (PSP) and micro-
duplex (MD). Both classes are prepared to develop a fine grain structure using special thermal 
and/or mechanical working techniques.  
 
Pseudo (i.e. almost) single phase superplasticity include the precipitation strengthened 
aluminum alloys of the 2xxx, 7xxx, 8xxx series, and the newly introduced Al-Li base alloys, 
as well as the dispersion strengthened copper alloys. 
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Fig. 2-2: Superplasticity in various materials classes (Nieh et al, 1997)  
 
These alloys attain the fine grain structure through a sequence of hot and cold working 
processes, along with heat treatment so that a fine scale distribution of precipitates and 
dispersoids develops as shown Fig. 2-3. In such a way, a grain structure of 5 microns size or 
less is achieved by recrystallization as shown in Fig. 2-4. Moreover, this fine dispersion of 
particles prevents grain coarsening during forming (Pilling et al, 1989).  
 
 
 10 
Fig. 2-3: Illustration of microstructural developments during grain refinement of pseudo-
single phase alloys for different particle sizes (Pilling et al, 1989)  
 
 
(a) 
 
(b) 
Fig. 2-4: Microstructural development from (a) as rolled to (b) Post dynamic 
recrystallization (Pilling et al, 1989) 
 
Micro-duplex superplastic materials include  titanium alloys,  stainless steels, 
and copper alloys. The fine grain structure is created in this class through 
thermomechanical (TMT) processing as shown in Fig. 2-5. The microstructure consists of two 
roughly equal proportions of two phases. Their interaction prevents grain growth (Pilling et 
al, 1989). 
 
 
Fig. 2-5: Illustration of microstructural changes during grain refinement of micro-duplex 
alloys using TMT (Pilling et al, 1989) 
  
II.1.5 PROCESSING FOR SUPERPLASTICITY 
As a major requirement in metallic superplastic alloys, it is necessary to have a fine equiaxed 
grain structure in order to achieve superplastic properties. Grain size range of 2 to 10  is 
 11 
required to achieve significant elongation, yet at the same time the grain structure has to be 
appreciably stable against grain growth at the high forming temperature associated with SPF. 
The relation between the grain size and the optimum strain rate of aluminum alloys, as well as 
the forming temperature is shown in Fig. 2-6-a and b respectively. It shows that the finer the 
grain size, the higher the strain rate at which superplastic forming takes place, and the lower 
the temperature at which superplasticity can be observed (Mishra, 2001).  
 
 
 
Fig. 2-6: (a) Optimum strain rate of aluminum alloys, (b) Superplastic temperature showing 
the effect of grain size on these parameters (Mishra, 2001) 
 
II.1.5.1 ROLLING-BASED SUPERPLASTICITY 
Over the last decade, various grain refinement techniques were suggested to achieve this 
purpose. For the sake of relevance, focus will be on refinement techniques of aluminum 
alloys. The most conventional and oldest known refinement technique is a rolling-based TMT 
method. Less commonly, extrusion-based TMT methods are also used. There are two possible 
approaches to achieve fine grain structure: using a combination of hot and cold rolling 
(dynamic recrystallization) Fig. 2-7 (a), or rolling alternating with heat treatment (static 
recrystallization) Fig. 2-7 (b).  
(a) (b) 
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(a)  (b) 
Fig. 2-7: Grain refinement of PSP aluminum alloys using (a) Static recrystallization of 
Supral 220 (Al-Cu), (b)Dynamic (In-Situ) recrystallization of AA7475 (Pilling et al, 1989) 
Note that diagrams are not to the same time scale. 
 
The selection of recrystallization type depends on the nature of starting material; whether the 
crystallization is particle-induced or dislocation-induced. A recent patent by Brown describes 
a sequence of TMT required to achieve a superplastic structure in aluminum alloys. The 
sequence is as follows (Fig. 2-8): 
1. Homogenization of the alloy at the solution heat treatment temperature 
2. Hot working using rolling 
3. Precipitation heat treatment until over aging is achieved, creating precipitates. 
4. Hot working using rolling to an exit temperature between 21-343°C 
5. Controlled cold working using rolling 
6. Recrystallization annealing 
 
Even though a superplastic structure is achieved using the above technique, three major 
drawbacks exist for such a technique. First, it increases the cost of raw material required for 
superplastic forming (SPF). Second, severe plastic deformation is necessary, which results in 
creating sheets of less than 3 mm thick. Third, rolling and the temperature induced 
deformations cause anisotropy and texture changes (Mishra, 2001). 
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Fig. 2-8: Rolling-based TMT to achieve superplastic structure (Mishra, 2001) 
 
II.1.5.2 EXTENSIVE PLASTIC DEFORMATION PROCESSING TECHNIQUES 
During the previous decade, a number of techniques have been proposed to create severe 
plastic deformation (SPD) for processing of superplastic structure. However, they are still 
under investigation for feasibility of their application. These techniques include: 
1. Equal-channel angular extrusion (ECAE) 
2. Torsional deformation under pressure 
3. Multiaxial or abc forging 
4. Multipass coin forge 
 
ECAE is a new SPD technique that was invented in the USSR during the late 1970s by 
Vladimir Segal.  R.E. Goforth and K.T. Hartwig at the University of Texas A&M (TAMU) 
carried intensive research on this subject during early 1990s with the collaboration of Segal 
who was a visiting researcher at TAMU. It was studied as a potential SPD processing 
technique to create ultra-fine grain structure down to the submicron level (Salem, 1997). 
 
The technique involves the use of a tool with two intersecting channels of identical cross-
sections at angle  as shown in Fig. 2-9. A billet of nearly the same cross-section is inserted 
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into the upper channel, and extrusion into the second channel takes place under pressure. 
During extrusion, the billet experiences severe deformation by simple shear at the crossing 
plane of the two channels. Multiple passes (N) can be carried out, creating a total strain of N 
times the shear deformation of a single pass (Segal, 1995). 
 
 
Fig. 2-9: Equal channel angular extrusion: (a) & (b) element transformation under simple 
shear, (c) mesh distortion during deformation (Segal, 1995) 
 
Investigations of the superplastic behavior (SPB) as well as the ambient mechanical properties 
of the Al-Cu-Li base alloys processed via ECAE was conducted by Salem et al, 1997 and 
2003 (1), respectively. 
  
II.1.6 MICROSCOPIC MECHANISMS OF FINE STRUCTURE SUPERPLASTICITY 
Various microscopic mechanisms were suggested to explain fine structure superplasticity. 
These mechanisms fall into two categories: rheological theories, which focus on 
understanding the macroscopic response of superplastic materials during deformation, and the 
required activation energy for deformation, and atomistic theories, which explain 
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superplasticity as a phenomenon of diffusion creep, modified dislocation creep, or grain 
boundary sliding models (Padmanabhan et al, 1980). 
 
Early diffusional creep models were proposed by Coble and Nabarro-Herring, which suggest 
that atomic flow through grain lattice (Nabarro-Herring) or grain boundaries (Coble) leads to 
plastic deformation (Nieh et al, 1997). The earliest models suggested that superplasticity takes 
place by a grain boundary sliding (GBS) mechanism. However, GBS has to be accommodated 
in order to avoid cavitation. Accommodation mechanisms may include grain boundary 
migration, recrystallization, diffusional flow or slip. The best known accommodation model 
was suggested by Ashby and Verall as shown in Fig. 2-10. Nevertheless, the model failed to 
predict the stress-strain rate relation. Its suggested grain rearrangement was found to require 
another mechanism (grain boundary migration) to take place as suggested by Springarn and 
Nix (Kassner et al, 2000). 
 
Another model, Ball-Hatchinson, suggested that grain boundary sliding is accommodated by 
dislocation movement. As shown in Fig. 2-11, when GBS takes place, stress concentration at 
triple points is relieved through the generation and movement of dislocations within the 
grains, which relieves the stress concentration (Pilling et al, 1989). 
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Fig. 2-10: Grain switching through diffusion: (a) model suggested by Ashby-Verall (a1-a2) 
and modified by Spingarn and Nix (b1-b2-b3-b4) (Pilling et al, 1989), (b) Diffusion at the 
grain boundaries (Nix, 1985) 
 
 
 
 
Fig. 2-11: Ball-Hutchinson model for dislocation accommodated GBS  
(Kassner et al, 2000) 
 
(a) (b) 
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Gifkins improved the dislocation accommodated GBS concept by suggesting a model at 
which the accommodation process takes place only within the ‘mantle’ region of the grain as 
shown in Fig. 2-12. 
 
 
Fig. 2-12: Gifkins (core and mantle) model (Kassner et al, 2000) 
 
II.1.7 MECHANICS OF SUPERPLASTICITY 
Superplasticity (as a creep-mechanism) can be presented as: 
   (2.1)                     
where  is the strain rate, kT is Boltzmann’s constant times the absolute temperature, Doexp(-
Q/RT) is the rate limiting diffusivity, G is the shear modulus, b is Burgers vector, A is a 
geometric constant, is the stress, d is the grain size, n is the stress exponent (strain rate 
sensitivity m=1/n), and p is the grain size exponent  (Bieler et al, 1995). Provided that 
superplastic deformation takes place at a constant temperature, with isostructural conditions 
(i.e. no grain growth takes place), and no changes take place in the diffusional properties of 
the material, the above equation can be modified to: 
     (2.2) 
When a logarithmic plot of stress versus strain rate is analyzed, it can be shown that it is 
composed of four distinct regions (Fig. 2-13).  
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Fig. 2-13: Strain rate dependence of flow stress in superplastic materials 
(Pilling et al, 1989) 
 
The slope of this curve  in region II is the strain rate sensitivity, where: 
    (2.3) 
 
The strain rate sensitivity is an important parameter that is used to evaluate the superplastic 
properties of any material. Some models argued that m-value is a constant value. However, 
recent studies showed that m-value is variable, which is dependant on the strain rate, the strain 
as shown in Fig. 2-14-(a & b), temperature and grain size in Fig. 2-15 (a & b). It was also 
reported that the m-value is also dependent on the deformation mode (tensile or compressive), 
and the loading type (constant speed, constant strain rate, relaxation, stepped strain rates 
either incrementally or decrementally) (Enikeev, 1997).  
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Fig. 2-14: (a) The stress vs. strain rate at levels of strain (b) The variation of strain rate 
sensitivity with strain and strain rate for Al-Mg-Mn-Cu alloy (Bae et al, 2002) 
 
 
 
  
 
Fig. 2-15: Strain rate sensitivity dependence on (a) temperature, (b) grain size in  
Al-Mg-Mn-Cu alloy (Bae et al, 2000) 
 
II.1.7.1 MEASUREMENT OF STRAIN RATE SENSITIVITY 
Strain rate sensitivity is evaluated in the lab using uniaxial tensile tests. Superplastic unaxial 
testing is sometimes carried out under the action of back pressure to prevent cavitation as 
shown in Fig. 2-16. Back pressure is also used in practical applications of SPF. 
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Fig. 2-16: Tension testing carried under argon gas backpressure (Goforth et al, 1993) 
 
Three major types are widely used to measure the m-value of aluminum alloys, which are: the 
step (change) strain rate tests, constant strain rate tests, and dual strain rate tests. Step strain 
rate tests or jump-tests are used to evaluate strain rate sensitivity of superplastic materials. 
The concept of the jump-test is to strain the specimens at several true strain rates. The rate is 
shifted once the load stabilizes, indicating a plateau of flow stress as shown in Fig. 2-17 
(Goforth et al, 1993). 
 
The strain rate shift can be incremental or decremental. However, recent studies by Bae et al, 
2000 indicated that decremental step strain rate tests maintain the specimen at isostructural 
condition (maintaining a stable grain size, with no grain growth). A log-log plot of flow stress 
versus strain rate is generated, where the slope indicates the m-value. 
 
The second type of tests is the constant strain rate test. In these tests, a constant true strain rate 
is maintained when testing the specimen at high temperature. Successful runs at several strain 
rates (minimum four) is needed to generate a log-log plot between the flow stress versus the 
strain rate with four points as shown in Fig. 2-18. The slope of this curve is the m-value. 
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Fig. 2-17: Strain rate change test (Kassner et al, 2000) 
   
 
Fig. 2-18: Strain rate sensitivity calculation using constant strain rate. The small numbers 
indicate the strain value at which flow stresses are recorded  
(Gurewitz et al,1985) 
The third type of strain rate determination tests is the dual strain rate test. In this type, the 
specimen is strained to 0.5 with a rate of 2!10-3 sec-1, and then the strain rate is reduced to 
2!10-4 sec-1. This type provides SPF at short time with no sacrifice in elongation-to-failure 
750°C 
800°C 
850°C 
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since in the early stages of SPF the resistance against necking is due to strain hardening, thus 
it can tolerate rapid rates during the early stages (Goforth et al, 1993 and Hedworth et al, 
1976).  
 
II.1.8 APPLICATIONS OF SUPERPLASTICITY 
II.1.8.1 SUPERPLASTIC FORMING (SPF) 
Superplasticity, as a property, was utilized in the process of superplastic forming to produce 
very complicated components using forming processes in the past two decades. The process 
offers many advantages, such as: low strength tooling due to the low stresses involved in the 
forming process, weight and material saving due to material high formability, design 
flexibility, elimination of secondary processing including riveting and finishing processes 
since the forming can be used to produce whatever component in one piece (Kalpakjian, 
1997). Component redesign for SPF includes 55% cost saving and 33% weight savings as 
shown in Fig. 2-19. 
 
Slow progress in the field of SPF is attributed to the high cost of the raw material, which 
requires special processing to achieve its superplastic nature, as well as the low deformation 
(strain) rates at which forming takes place, and finally the need of an inert gas back-pressure 
during deformation (Fig. 2-20). However, research is being carried out to generate materials, 
which are characterized by high strain rate superplasticity. 
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Fig. 2-19: a) Re-design for SPF of the B-1 Bomber showing changes in nacelle structure 
from b) sheet metal forming of 8 parts, with 96 fasteners into c) single SP formed sheet 
with no fasteners (Bompton et al, 1985) 
 
 
 
Fig. 2-20: Superplastic forming using die apparatus with argon protective back pressure to 
avoid cavitation (Ghosh, 1985) 
 
(b) (c) 
(a) 
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Superplastic alloys can be formed using common bulk deformation processes, such as 
compression molding, closed-die forging, and extrusion. Sheets can be vacuum-formed, or 
blow molded. The process can be carried using simple female forming (Fig. 2-21), male 
forming (Fig. 2-22) or using bulging, or plug assisted forming. 
 
Fig. 2-21: Female forming (Pilling et al, 1989) 
 
 
 
Fig. 2-22: A complex shape produced by SPF of Al-Li 2090 alloy (Nieh et al, 1997) 
 
II.1.8.2 COMBINING SUPERPLASTIC FORMING AND DIFFUSION BONDING  
Diffusion bonding (DB) is a solid state joining technique at which the joint is created through 
solid state diffusion between the joined surfaces, as well as minor plastic deformation. This 
process is usually carried out at temperatures > 0.5 Tm to speed up the diffusion rate. An 
important development in the use of DB was to combine its usage with SPF to create multi-
sheet structures as shown in Fig. 2-23. After joining specific locations of the sheets, the un-
joined regions (so-called stop-off) are expanded into a mold cavity by gas pressure (Fig. 2-24, 
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2-25)). The joint strength depends on the pressure, temperature, time of contact, and 
cleanliness of the faying surfaces (Kalpakjian, 1997). 
 
 
 
Fig. 2-23: Typical multi-sheet SPF/DB products 
(a) B-1A auxiliary power unit SPF/DB door (Bampton, 1985) 
(b) Tornado fighter hot air duct (Stacher et al, 1980) 
 
 
Fig. 2-24: Multi-sheet titanium sandwich structure (SPF/DB) (Kalpakjian, 1997) 
Nonetheless, there are two major problems that face the manufacture of multi-sheet structures 
of aluminum alloys, either using DB/SPF or other methods. First, aluminum alloys are known 
to form a tenacious aluminum oxide film on the contact surfaces, which prevents solid state 
diffusion to take place at high rates. Thus, they result in poor joint properties. That is why all 
the reported DB/SPF for aluminum alloys required the introduction of a copper layer between 
 26 
the surfaces to be joined. Second, even if other solid state welding techniques such as spot 
welding, or fusion welding, significant deterioration in superplastic properties takes place due 
to the loss of the fine grain structure at the weld nugget and the heat affected zone (Charit et 
al, 2002). 
   
Fig. 2-25: Sequence of SPF/DB (a) 3-sheets, and (b) 4-sheet SPF/DB  
(Stephen et al, 1985) 
 
II.2 SUPERPLASTICITY OF ALUMINUM LITHIUM ALLOYS 
II.2.1 DEVELOPMENT OF Al-Li ALLOYS 
The search for materials of high specific properties for the aerospace industry has accelerated 
the development of Aluminum-Lithium alloys during the previous three decades. The 
interesting properties of aluminum-lithium alloys, notably their high specific strength and 
modulus, formability, as well as their cryogenic properties, made them replace other materials 
in aerospace structures (Salem, 1997). Fig 2-26 shows some of the potential applications of 
Al-Li-X alloys and their tempers in the manufacture of a commercial aircraft. In spite of the 
(a) (b) 
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fact that these replacements have not been already adopted, this listing provides some insight 
towards the potential of use of Al-Li-X alloys. 
 
The first Al-Li alloy Scleron (Al-Zn-Cu-Li) was produced by the Germans in 1920s, followed 
by the alloy 2020 (Al-Cu-Li-Cd) in the late 1950s. In mid 1960s, the Soviet alloy 1420 (Al-
Mg-Li) was introduced (Davis, 1993). Work in late 1970s resulted in the First International 
Aluminum-Lithium Conference in Georgia-USA, 1980. The prime focus on that conference 
included the physical metallurgy and mechanical properties of Al-Li alloys, preparation of Al-
Li alloys by casting, in addition to the preparation and availability of lithium as an alloying 
element. In the late 1980s, with the discovery of more properties of Al-Li alloys, focus started 
to shift into the fatigue, fracture, cryogenic, and corrosion properties, as well as 
manufacturing methods including the superplastic characteristics of some alloys. 
 
 
Fig. 2-26: Potential use of Al-Li-X alloys in commercial aircraft structures  
(Davis, 1993) 
II.2.2 Al-Li ALLOYS 
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Lithium is the lightest metallic element. When added to aluminum alloys, lithium addition of 
1% decreases the density of the alloy by ~3% (Fig. 2-27-a) and increases the elastic modulus 
by 6% as shown in Fig. 2-27-b.  
 
 
Fig. 2-27 (a): Effect of alloying elements additions on the density of aluminum alloys 
(Srivatsan et al, 1991) 
 
 
 
Fig. 2-27 (b): Effect of alloying element additions on the elastic modulus of aluminum alloys 
(Srivastan et al, 1991) 
 
The strengthening effect results from the metastable phase  (Al3Li) that forms fine coherent 
precipitate with Al-matrix as shown in the Al-Li system (Fig. 2-28). When copper is added to 
aluminum-lithium system, the solubility of lithium is significantly reduced. It also results in 
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the formation of three semi-coherent phases, which are in equilibrium with aluminum (Hatch, 
1984). Phases present in Al-Cu-Li system are listed in table 2-1. 
Table 2-1: Phases in Al-Cu-Li system (Salem, 1997) 
 
Phase Symbol Chemical composition Crystal Structure 
Al7Cu4Li TB 56.5% Cu, 1.5% Li Cubic 
Al2CuLi T1 52.8% Cu, 5.4% Li Hexagonal 
Al6CuLi3 T2 26.9% Cu, 8.8% Li Icoshedral 
Al2Cu  ~52.5% Cu Tetragonal 
 
A ternary phase diagram of Al-Cu-Li in Fig. 2-29 shows the existing phases at 500°C. The 
morphology of these phases and their distribution in the microstructure is indicated in Fig. 2-
30. Precipitation and distribution of these phases vary depending on the Lithium composition 
and temperature to obtain a variety of mechanical properties, as well as the physical 
properties.   
 
 
Fig. 2-28: Al-rich end of the Al-Li binary phase diagram (Salem, 1997) 
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Fig. 2-29: Ternary phase diagram at 500°C for the Al-rich end of the Al-Cu-Li system 
(Salem, 1997) 
 
 
 
Fig 2-30: Morphology of precipitates in Al-Cu-Li alloys (Salem, 1997) 
 
The previous three decades of Al-Li-X research resulted in a classification of Al-Li alloys, 
depending on the chemical composition and strengthening phases. Two major classes were 
identified: Al-Li-Mg alloys, and Al-Li-Cu-Mg alloys who compositions are shown in table 2-
2, as well as their strengthening mechanisms in Fig. 2-31.  
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Table 2-2: Nominal compositions of Al-Li alloys (Davis, 1993) 
   
Alloy Li Cu Mg Zr Mn Ag Al. 
01420 2.0 -- 5.3 -- 0.5 -- Bal. 
8090 2.5 1.0 1.0 0.1 -- -- Bal. 
2090 2.7 2.2 -- 0.2 -- 0.4 Bal. 
2091 2.0 2.2 1.5 0.1 -- -- Bal. 
2094 1.3 4.7 0.4 0.14 -- 0.4 Bal. 
2095 1.3 4.3 0.4 0.14 -- 0.4 Bal. 
2195 1.0 4.0 0.4 0.14 -- 0.4 Bal. 
 
The strengthening effect in the first class is obtained through the phase, Al2CuMg. Yet, in 
the case of Al-Li-Cu-Mg alloys, the strengthening effect results from the coherent phases as 
well as the semi-coherent phases (T1,  , ) formed upon aging.  
 
In high copper to magnesium ratio alloys (2094, 2095, 2195), the strengthening effect is 
primarily achieved through T1, which is known to be the most potent strengthening phase in 
Al-Cu-Li systems. These alloys possess the highest yield strength. It is important to note that 
both lithium and magnesium lower the density, whereas copper increases the density as well 
as the strength.  
 
 
Fig. 2-31: Strengthening phases in Al-Li-X alloy systems, and their corresponding alloys 
(Davis, 1993) 
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Zirconium addition to Al-Li-X systems leads to the formation of (Al3Zr) or fine 
precipitates. These dispersoids inhibit recrystallization and stabilizes subgrain structure at the 
high temperatures associated with SPF, as well as improving the strength and toughness. 
However, their presence leads to changes in texture and anisotropy. The  phase also 
promotes grain refinement during solidification by pinning grain boundary migration (Davis, 
1993) as shown in Fig. 2-32.   
 
 
Fig. 2-32: A single grain of TM processed P/M Al-3Cu-2Li-1Mg-0.2Zr Alloy  
(Nieh et al, 1997) 
 
II.2.3 Al-Cu-Li ALLOYS AND SUPERPLASTICITY  
Superplasticity has been observed in a variety of Al-Li alloys, notably Al-Cu-Li-Mg-Zr. This 
class is considered to be a multiphase alloy that is stabilized by the Zr additions. Various 
alloys were tailored to optimize for the best superplastic performance (Fig. 2-33). Among this 
alloy is the Weldalite 049TM family. Conventional rolling and extrusion are commonly used 
techniques for grain refinement of such alloys. A minimum grain size of 1.5  was obtained 
in sheets suitable for SPF (Salem, 1997). 
 
II.2.4 WELDALITE 049 
Weldalite is the trade name for a family of alloys (Aluminum Association designation of 
2094, 2095, and 2195) that was first introduced by Martin Marietta before their merger with 
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Lockheed (now Lockheed-Martin). The Weldalite family has a very high potential for the use 
of SPF as shown in Fig. 2-34. 
 
 
Fig. 2-33: Tailoring of alloys shows the improvement in elongation % by optimizing for 
copper and lithium addition (Nieh et al, 1997) 
 
 
 
 
 
Fig. 2-34: Potential use of Al-Li-X alloys with Superplastic Forming (SPF) in a fighter 
aircraft structures (Davis, 1993) 
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This alloy family is characterized by high strength due to the large copper content. Its natural 
aging response is extremely strong with small amounts of cold work (T3) as shown in Fig. 2-
35. It has a strong natural aging response (T4) than that of any other known aluminum alloy.  
 
 
Fig 2-35: Effect of cold work on the aging response of Weldalite 049 (Davis, 1993) 
 
The alloy is also characterized by its excellent cryogenic properties. That is why it can be 
employed into cryogenic tanks on space launch systems containing pressurized fuel of H2 or 
O2 (Fig. 2-36). 
 
 
Fig. 2-36: Yield strength comparison between a conventional alloy (2219-T87) and Weldalite 
049-T8 for cryogenic tankage applications, strain rate 4!10-4  with 0.5-hr hold at temperature 
(Davis, 1993) 
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II.2.5 WELDABILITY OF SUPERPLASTIC WELDALITE 049 
II.2.5.1 WELDABILITY 
The term "Weldability" refers to the ability of a specific material to preserve its own 
mechanical, physical, and chemical properties when welded by a certain welding technique. 
The American Welding Society (AWS) defines Weldability as: 
"The capacity of a material to be welded under the imposed fabrication conditions into a 
specific, suitably designed structure and to perform satisfactorily in intended service."  
(ANSI / AWS A3.0) 
 
In the case of fusion-welded alloys, and the associated melting and solidification that take 
place, Weldability of a material is assessed through the resulting impact of the technique on 
the material strength, ductility, corrosion resistance, toughness, fracture toughness, Young's 
modulus, and other properties. These parameters depend on the material physical, chemical 
and thermal properties; mainly its melting point, heat capacity, thermal expansion coefficient, 
chemical composition, and the surface tension characteristics of the molten metal. These 
parameters make "Weldability" a complex property to assess (Kalpakjian, 1997).  
 
II.2.5.2 WELDABILITY OF ALUMINUM ALLOYS 
Many aluminum alloys are considered weldable. Yet, they require high heat input rate as well 
as an inert shielding gas in order to produce a defect-free weld. Aluminum is known to have 
high affinity to oxygen. Therefore, it cannot be directly welded at normal atmosphere because 
oxidization will take place creating slag inclusions and porosity into the material (Bradley et 
al,2000).    
 
The non-heat treatable alloys are generally weldable. Since they depend on mechanical 
working as their strengthening mechanism, these strengthening effects are normally depleted 
during welding due to the accompanying melting or recrystallization. In the case of the heat 
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treatable alloys, the same thermal effects weaken the strengthening effects done by aging. 
Among the heat treatable aluminum alloys, two classes are considered to be totally 
unweldable, which are the 2xxx (Al-Cu) and 7xxx (Al-Zn) alloys (Srivatsan et al, 1991). 
 
Welding of aluminum alloys has been carried out using fusion welding by Gas Metal Arc 
Welding (GMAW), which is also known as Metal Inert Gas (MIG) welding. In this process, 
an inert gas is used to shield the welded zone, preventing the formation of any oxides. 
Another technique which is carried out with a non-consumable electrode made of tungsten 
(tungsten inert gas TIG) is shown in Fig. 2-37 (Davies, 1996).   
 
 
 
Fig. 2-37: Aluminum Alloys Welding by TIG (Davies, 1996) 
 
II.2.5.3 DEFECTS IN WELDING ALUMINUM ALLOYS 
Even for the weldable aluminum alloys, the high affinity of aluminum to oxygen can cause 
defects regardless of any precautions taken. Porosity, cracking and poor weld bead profile 
may still result. 
 
Porosity is defined as "Cavity-type discontinuities formed by gas entrapment during 
solidification" (ANSI/AWS A3.0-85). It is a very common feature in MIG welding (Fig. 2-
38). In the case of aluminum, hydrogen is highly absorbed in the weld pool. This leads to the 
formation of cavities within the solidifying metal. This hydrogen can be readily found in any 
 37 
hydrocarbon compounds and moisture that contaminate the welded pieces or atmosphere. The 
high temperature leads to the dissociation of hydrogen. It is important to mention that 
aluminum is one of the most prone materials for the formation of porosity. Usually 
mechanical or chemical cleaning of the work piece and electrode would minimize porosity 
(TWI, 1999). 
 
 
Fig. 2-38: Porosity in aluminum MIG weld bead (TWI, 1999) 
 
Cracking is the second most common weld defect in aluminum alloys welds. Due to the high 
heat input during aluminum welding as well as the high coefficient of thermal expansion of 
aluminum alloys, cracking may occur because of thermal expansion followed by contraction 
after cooling the weld. Accurate weld geometry design and gripping may minimize cracking. 
In addition, the selection of a thermally compatible combination of filler/base metal in terms 
of thermal expansion. Cracks normally occur along the weld centerline (Fig. 2-39) (TWI, 
1999). 
 
 
Fig. 2-39: Solidification cracks in aluminum alloy weld (TWI, 1999) 
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Cracking may also take place in the heat-affected zone, where it carries the name liquation 
cracking. Due to the high heat input, local melting may take place within the grain boundaries 
causing grain embrittlement, and consequently cracking (Fig. 2-40).  
 
Fig. 2-40: Liquation cracking (TWI, 1999) 
Since welding is associated with heating, melting and solidification of metals, there is a 
possibility that anisotropic structure results. This anisotropy can be in the form of grain 
coarsening in the heat affected zone (Fig. 2-41), or segregation (Fig. 2-42).    
 
Fig. 2-41: Grain coarsening resulting in gas metal arc welding (Srivatsan et al, 1991) 
       
Fig. 2-42: (a) Al-Cu-Li weldment using GMAW showing (b) banded grain structure (Kramer 
et al, 1992)  
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II.2.5.4  WELDING OF WELDALITES 
The weldalites family is characterized by its good weldability. It displays high resistance to 
hot cracking in weldments (Fig. 2-43) made by tungsten inert gas (TIG) welding, and gas 
metal arc welding (GMAW). Excellent retention of mechanical strength was successfully 
obtained with the use weldalite filler, or other conventional filler (Davis, 1993). 
 
Fig. 2-43: Hot cracking susceptibility for Al-base binary alloys as a function of solute % 
(Srivatsan et al, 1991) 
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II.3 FICTION STIR WELDING 
II.3.1 INTRODUCTION 
Late 1991, Friction Stir Welding (FSW), a new solid-state welding technique was invented by 
Wayne Thomas and his colleagues working at TWI, Cambridge (UK). The technique received 
it patent in the same year. The TWI patent defines FSW as: 
"…a method of joining workpieces defining a joint region. It comprises causing a probe [or 
pin] of material harder than the workpiece material to enter the joint region and [this probe 
plunges into opposed portions of the workpieces on either sides of the joint region while 
causing relative cyclic movement between the probe and workpieces. Frictional heat is 
generated to cause the opposed portions to take up the plasticized condition. The probe is 
removed and plasticized portions allowed to solidify to join the pieces together." (TWI, 1999) 
 
Since its invention until today, FSW has been drawing significant attention due to its various 
applications and its success in welding difficult to weld materials efficiently. The technique 
was first applied by a Scandinavian aluminum extrusion company in doing the welds required 
for ship deck panels and other applications. Currently, the technique is being extensively used 
in various applications. Since its invention, 79 organizations have acquired licenses to use 
FSW in Europe, USA, Japan and Australia. Several modifications to the original design were 
later implemented, reaching to more than 640 patent applications (Kallee, 2002). In the 
previous 10 years, extensive research work carried out at the TWI and other research centers 
completed the foundations of defining FSW capabilities. However, continuous work 
continues in identifying the process capabilities, advantages, limitations, and adapting it to 
more applications. 
 
II.3.2 PROCESS DESCRIPTION 
FSW is a solid-state welding process that requires no local melting in order to join pieces 
together (i.e. material locally softens). As shown in the diagram Fig. 2-44, a special rotating 
tool with a shouldered pin is inserted between the butted plates. The plates have to be clamped 
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together in order to prevent the butted surfaces from sliding apart. On insertion, the helical 
threaded pin penetrates until its shoulder touches the upper surface of the plates. Then, the 
tool starts to move longitudinally along the joint line, maintaining the rotational motion. The 
name of the process is probably derived from the action that the tool produces. Friction at the 
shoulder-work piece interfaces generates heat that is responsible for softening the material 
and hence facilitates the stirring action by rotation (TWI, 1999). 
   
 
Fig. 2-44: Schematic of FSW Process  
(a) rotating prior to initial contact; 
(b) pin contacts creating heat; 
(c) shoulder of tool contacts plate 
increasing surface of contact; 
(d) tool moves along the weld joint 
creating the weld (Mahoney et al, 
2001) 
 
TWI has established a terminology of the FSW system as shown in Fig. 2-45. According to 
the rotation direction of the tool, it is possible to define the advancing and retreating sides of 
the weld, as well as the leading and trailing edges of the tool.      
 
Fig. 2-45: FSW Terminology (Thomas et al, 2001) 
 
II.3.2.1 WELDING TOOL 
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The process itself can be easily adapted to a milling machine with relatively high horsepower. 
Thus, the welding tool is probably the key issue in FSW. The tool is made of a material, 
which is stronger than the workpiece, and wear resistant due to the continuous friction that 
takes place between the tool and workpiece. According to TWI, one tool can be used to weld 
1000 m of Al 6000 alloy series. Various profiles were developed for such a purpose, and 
several tools were generated for thin or thick sections as shown in Fig. 2-46.  
 
 
Fig. 2-46: Whorl TM tool helical profiles designed for welding aluminum alloys  
(Dawes et al, 1999)  
 
The heating effect required to weld is achieved through the friction that takes place between 
the tool shoulder and the workpiece. Good shoulder design aims at allowing the shoulders to 
provide improved coupling between the workpiece and the tool, forcing the material flow in 
the longitudinal and transverse directions, as well as hindering the flow of the plasticized 
(softened) material from escaping sideways (Fig. 2-47). 
 
Recent advances in the design of the tool resulted in a new patented technique, which is the 
Skew-stir TM process. In this process, the tool is given a small inclination as shown in Fig. 2-
48 (order of few degrees). This newly designed tool aims at enhancing the stirring action by 
increasing the amount of the softened material. Other advantages are under research.  
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Fig. 2-47: Whorl TM tool superimposed over a finished weld (Dawes et al, 1999) 
 
 
 
Fig. 2-48: Concept of Friction Skew Stir Welding (Thomas et al, 2001) 
 
II.3.2.2 WELDED JOINT GEOMETRIES 
The process was adapted to weld a variety of weld sections: butt welds, laps, overlaps, t-
sections, fillet and corner welds. Modifications into the position and tool are necessary to 
carry out different geometries as shown in Fig. 2-49. Welding positions can be horizontal, 
vertical, overhead, or orbital. The process was also used to weld circumferential, annular, 
non-linear and three-dimensional welds, but this requires changing the tool path (Kallee, 
2002).  
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Fig. 2-49: Typical FSW joint geometries: (a)square butt, (b)combined butt and lap, (c)single 
lap, (d)multiple lap, (e)3 piece T butt, (f)2-piece T butt, (g)edge butt, and (h)possible corner 
fillet weld (FPE & Gatwick Fusion Ltd.) 
 
II.3.2.3 PROCESS CAPABILITIES 
The capabilities of any welding process can be described according to two parameters: 
materials and dimensions. Originally, the process was developed to weld unweldable 
aluminum alloys (2000 and 7000 series). Extensive tests carried out by the TWI and other 
research institutes demonstrated that FSW could be used to weld 2000, 5000, 6000, 7000, and 
8000 aluminum alloys series, either wrought or cast. With more developments into the tool 
design, FS welds were produced in copper (Fig. 2-50), lead, titanium, magnesium, zinc, 
aluminum matrix composites, plastics, and mild steel (Fig. 2-51). Current research is being 
carried out at TWI to adapt it to other materials, notably stainless steels (Sterling et al, 2003).  
 
Fig. 2-50: Friction Stir Welding of copper (Andersson et al, 1999) 
 
In terms of dimensions, FSW is capable of welding very long sheets (depending on the 
machine used). With aluminum alloys, successful welds were produced within thicknesses 
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ranging from 1.2 mm to 50 mm with a single pass weld. Double pass welds can be used to 
join sections up to 100 mm in thickness as shown in Fig. 2-52 (Kallee, 2002). 
 
Fig. 2-51: Friction stir welds of mild steel (Lienert et al, 1999) 
 
 
(a) 
 
(b) 
Fig. 2-52: FSW process capabilities (a) Long sheets, (b) Large thicknesses (TWI, 2000) 
 
II.3.2.4 PROCESS APPLICATIONS 
TWI combined a list of various industries that used FSW in a variety of applications. Several 
industrial sectors use FSW in their current applications such as the shipbuilding and marine 
industries, aerospace industry, railway industry, land transportation, construction industry, 
electric industry, and other industrial sectors. 
 
In the marine transportation construction industry, FSW was used to weld panels for decks, 
floors, bulkheads, and hull structures. It was also used in the aerospace industry (civil, 
military and space) to weld wings fuselages, empennages, as well as cryogenic tanks for 
aerospace applications. The Japanese high-speed trains used FSW to weld aluminum roof 
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panels. It was also successfully implemented in welding truck bodies, mobile cranes, 
caravans, fuel tankers, and armor plate vehicles. In addition, a variety of applications within 
the bridges construction industry, electrical and refrigeration industries were done as shown in 
Fig. 2-53. Complete listings of those applications are available on TWI's website, and 
elsewhere (Kallee, 2002). 
 
II.3.2.5 PROCESS ADVANTAGES & LIMITATIONS 
The major advantage of FSW is its ability to weld the aluminum 2000 and 7000 series alloys, 
which were known to be unweldable using common fusion welding techniques. Other 
advantages outlined by TWI include: 
• Producing long welds, with almost no distortion or shrinkage 
• Preservation of the mechanical properties 
• Generating no fumes during welding, or spatter of molten metal 
• Energy efficient and economic, due to the use of a non-consumable tool 
• Its ability to operate in various positions and geometries 
• Requiring no filler material or shielding gas when welding aluminum 
 
Despite all of this, the process still has some limitations that were minimized due to the 
continuous research carried out since its invention. As outlined by TWI, the limitations were 
reduced to: 
• Slow welding speeds (750 mm/min for 5mm thick Al 6000 series alloys) when 
compared to fusion welding speeds 
• Requiring a backing bar and clamps to firmly hold the workpiece (Fig. 2-54) 
• Formed keyhole at the end of each weld (Fig. 2-55) 
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(a) FSW panel (Hydro Marine Aluminum) (b) Cryogenic tanks (Boeing) 
  
  
(c) Rim welded to hub using FSW (d) Aluminum car door 
  
  
(e) Hitachi train, with FSWed panels (f) Loudspeaker housing halves FSWed 
  
Fig. 2-53: Applications of FSW in various industrial fields (Kallee, 2002) 
 
 
 
Fig. 2-54: Water-cooled clamping for welding copper plates (Andersson et al, 1999) 
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Fig. 2-55: Exit-hole resulting from the tool removal at the end of the weld  
(Przydatek, 1999) 
 
II.3.2.6 FSW MICROSTRUCTURE  
For FSW, microstructure characterization for various alloys showed that every material has its 
own microstructure due to FSW. P.L. Threadgill published in 1997 the first attempt to classify 
the microstructure of aluminum FS welds. This classification divides the welded zone into 
four distinctive regions as indicated in Fig. 2-56: 
 
Fig. 2-56: FSW Microstructure Classification (Threadgill, 1997) 
 
• Region (A): Unaffected base material (BM): This is the base metal which was not 
affected by any thermal effects due to the friction between the tool shoulder and the 
workpiece, or any mechanical effects resulting from the stirring action of the tool.  
• Region (B): Heat-affected zone (HAZ): This region has undergone some 
microstructural changes due to the heat transferred from the weld region that is 
manifested in its mechanical properties. Specifically, grains in this region may 
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experience recrystallization and/or grain growth at high heat inputs FSW processes. 
However, there is no plastic deformation due to stirring among these grains. 
• Region (C): Thermo-mechanically affected zone (TMAZ): Here both effects appear; 
due to the heat transferred from the tool, and due to the stirring action of the tool. The 
grains are plastically deformed, and they may experience recrystallization. However, 
in the case of aluminum, grains may experience extensive plastic deformation without 
recrystallization.  
• Region (D): For aluminum alloys, this region has been termed the weld-nugget (WN). 
This region shows signs of recrystallization in its grains. However, this term is 
believed to be not very descriptive when it is compared to the nugget in fusion 
welding processes. 
  
II.3.2.7 PROCESS PARAMETERS 
Several models have been suggested to understand the process. These models included 
mechanical, thermal and fluid analysis for the process. Work within this field is continuous. 
In general, the process can be described in terms of some parameters, which are: 
• Tool rotation speed, rpm 
• Feed rate of the tool 
• Sheet/plate thickness 
• Force applied 
• Material being welded 
• Heat transfer during welding, which also depends on the clamping system 
 
Using the available finite element (FE) (Fig. 2-57) and computational fluid dynamics (CFD) 
(Fig. 2-58), various models have been produced. However, these models are limited due to the 
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difficulty in combining the flow fields with the temperature fields resulting from the tool 
shoulder friction. In addition, it is difficult for the existing packages to deal with material 
models that incorporate temperature dependent stress-strain-strain rate and viscosity/fluid 
flow effects (Aramayo et al, 2002). 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 2-57:  FE Analysis for FSW (Aramayo et al, 2002) 
(a) Tool and workpiece in mesh, (b) Position of the tool, (c) Plastic strain contours 
 
 
 
Fig. 2-58: CFD modeling of FSW using LSDYNA showing the steady-state velocity 
contours/vectors (Aramyo et al, 2002) 
 
II.3.2.8 PROCESS QUALITY CONTROL 
Welds are investigated for quality control using various techniques. Despite the relatively 
recent development of FSW, the Lloyd Register for shipping (LR) established a set of tests 
that are conducted to evaluate the quality of a FS weld (Przydatek, 1999). This set includes: 
• Visual inspection: through the investigation of the exit-hole area. If the exit-hole area 
is equal to 100% of the tool shoulder's area, the weld is considered acceptable 
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indicating a correct plunger depth. The quality degrades if the area is below 100%. 
Welds below 75% are generally not acceptable as in Fig. 2-59. 
 
       
Fig. 2-59: The exit-hole size as an indication of the weld quality as shown for the D9 
specimen, which failed in bend test (Przydatek et al, 1999) 
 
• Radiographic or ultrasonic tests 
• Liquid penetrant: applied to the weld root. A herringbone structure can be found, 
which results from surface imperfections and vibrations as shown in Fig. 2-60. 
 
Fig. 2-60: Herringbone structure identified by visual inspection (Przydatek, 1999) 
 
• Transverse tension tests (2 specimens for weld start and weld end) 
• Bend tests (2 root test, and 2 bend test) 
• Macro/Micro examination 
• Hardness profiles (not always required) 
 
II.3.3 FRICTION STIR PROCESSING 
During the four years period (2000-2003), various investigators tried to utilize FSW to create 
fine-grain structure. Work published by Jata et al in early 2000 showed that dynamic 
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recrystallization takes place during FSW of high strength aluminum alloys. This ignited the 
research in finding ways to utilize FSW, or Friction Stir Processing (FSP) as a technique of 
severe plastic deformation that can be employed for creating fine grain structure suitable for 
local superplastic forming.  
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CHAPTER III 
RESEARCH OBJECTIVE 
 
This research aims at introducing a new view for the impact of FSW on the mechanical 
properties since FSW is a novel welding process. Limited literature is present on the effect of 
the process parameters on the mechanical properties of the welds, or the microstructural 
evolution in the as-welded or post-heat treated conditions.  
 
Moreover, previous research in the area of friction stir-superplasticity focused on the 
utilization of grain refinement produced during FSW to create ultra-fine grain structure, 
starting with as-cast coarse structure. However, very little work has been carried out on 
assessing the application of FSW to an already fine-grain structured material to study the 
resulting mechanical properties at high temperature.  
 
This research is carried out on two phases; each with its set of objectives. The first phase 
includes investigating the application of FSW in welding AA 2095 DRX sheets. This phase 
contains studying the microstructural development taking place in the material due to FSW 
either in the as-welded or post-heat treated joints, and relating this microstructural 
development to the process parameters. The investigations include carrying out testing of the 
FS welded joints to evaluate the extent of preservation of the base metal mechanical 
properties in the as-welded and post-heat treated welded joints. In addition, this phase 
comprises of the use of the experimental data resulting from mechanical testing of the welded 
sheets to establish a statistical model to investigate the influence of the process parameters on 
the resulting properties.  
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The second phase of this research investigates the influence of FSW on the superplastic 
behavior of the welded sheets. Testing of the welded sheets at the typical forming 
temperatures of the sheets aims at assessing the degree of impact of FSW on the superplastic 
properties of DRX AA 2095. The resulting data from the mechanical testing is also utilized to 
establish a statistical model for the weld parameters to verify the behavior of the various weld 
conditions. In addition, studying the influence of other SPF parameters such as temperature 
and strain rate is also carried out. 
 
Therefore, this thesis addresses materials engineering issues in terms of the characterization of 
the room temperature mechanical properties, microstructural evolution, and high temperature 
testing of the FSWed DRX AA 2095. It also addresses manufacturing issues regarding 
possible means of combining FSW with SPF, either through the use of FSP or through the 
FSW/SPF combination similar to SPF/DB. 
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CHAPTER IV 
EXPERIMENTAL PROCEDURES 
 
IV.1 MATERIAL  
The alloy selected for this research was the AA2095 alloy that belongs to the Weldalite (Al-
Cu-Li) family, originally developed by Martin-Marietta Company (now Lockheed-Martin). 
The measured and nominal chemical compositions are shown in table 4-1. 
 
The material was received in the form of dynamically recrystallized fine-grain structure sheets 
1.63 mm in thickness, with an average grain size of 2 . Such a fine-grain structure makes 
the alloy suitable for superplastic forming. These sheets were thermo-mechanically processed 
via several stages of rolling associated with heat treatment, the details of which are regarded 
as classified information. 
 
Table 4-1: Chemical Composition of Weldalite 2095 SP Sheets 
 
Composition Cu Li Mg Ag Zn Ti Zr Al 
Nominal 4.6 1.14 0.38 0.33 0.02 0.03 0.17 Bal. 
Measured 4.52 1.08 0.31 0.34 0.065 0.028 0.15 Bal. 
Some minor additions: Mn, Fe, & Si less than 0.06 wt% each 
 
IV.2 EXPERIMENTAL PROCEDURES 
IV.2.1 FRICTION STIR WELDING 
The sheets and welds were planned in order to provide the required number of specimens for 
the characterization of both the superplastic behavior and room temperature properties (as 
welded, post-heat treatment) of welded AA 2095. Rectangular strips were cut and prepared 
for butt-welding using the FSW machine available at the Mechanical Engineering 
Department, University of South Carolina.  
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A friction stir welding tool with a 3.8 mm pin diameter, 10 mm shoulder diameter, and pin 
length of 1.47 mm was used. The pin length is slightly less than the thickness of the sheet. 
The welding direction was taken such that it was aligned with the rolling direction (RD) as 
shown in Fig 4-1. 
 
 
Fig. 4-1: Schematic showing the weld direction (WD) with respect to the rolling direction 
(RD), as well as the weld parameters and nomenclature 
 
Three levels of tool rotation speed (500, 750, and 1000 rpm) and four levels of feed (welding) 
rate (2.1, 3.2, 4.2, and 5.1 mm/sec) were selected after various trials to produce the most 
homogenous sound welds based on visual inspection for the weld surfaces. Since the FSW 
machine was force-controlled; therefore the vertical (Z-axis) force was selected only to 
maintain good contact between the welding tool and the sheet surface. The force was slightly 
increased with the increase in the feed rate to resist the forces resulting from the increase in 
the feed rate. This increase in the force is known to be insignificant on the resulting weld 
mechanical properties according to the findings of Reynolds et al, 2001. Other quantities that 
were also measured during welding include the torque, total power required, and the free 
rotational power. Table 4-2 shows the weld conditions, with all the parameters. For every 
Feed 
rate 
Z-Force 
RPM 
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welding condition, a 27!6.5 cm sheet, as well as two 13!3 cm sheets were welded with the 
weld nugget centered along the width.  
Table 4-2: Weld Conditions 
 
Feed rate (mm/sec) Tool rotation Speed (RPM) Z-axis force (kN) 
2.11  500 4.90 
2.11  750 4.90 
2.11  1000 4.45 
3.17 500 5.34 
3.17 750 5.34 
3.17 1000 4.90 
4.23 500 5.78 
4.23 750 5.78 
4.23 1000 5.34 
5.08 500 6.23 
5.08 750 6.23 
5.08 1000 5.78 
 
IV.2.2 POST FSW HEAT TREATMENT 
Tension specimens were heat treated by natural aging and artificial aging to investigate the 
effect of heat treatment on the room temperature mechanical properties. Heat treatment data 
for AA2095 were also carried out elsewhere (Salem, 1997). However, heat treatment trials 
were also carried out at an artificial aging temperature of 182°C to determine the aging 
response. Solution heat treatment is carried out at 510°C for 70 minutes. Specimens were left 
for 15 days at room temperature to acquire the required strength by natural aging. Other 
specimens were soaked in the furnace at 182°C for 7-9 hours to reach the required strength 
and ductility.   
 
IV.2.3 CHARACTERIZATION ANALYSIS 
IV.2.3.1 MICROSTRUCTURAL CHARACTERIZATION 
The use of metallography is a vital tool to observe the extent of plastic deformation, grain 
flow and coarsening if any within the various regions developed in FSW weld zone. Using the 
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LeicaTM optical and stereomicroscopes available at AUC metallography labs, various 
macrographs and micrographs were obtained. The preparation was carried out as follows: 
1. Specimens were sectioned perpendicular to the welding direction for the 12 welding 
conditions, as well as for the base (unwelded) metal in three directions (parallel, 
longitudinal and transverse to the rolling direction), and solution heat treated welds. 
2. Specimens were mounted in a self-curing resin such that the transverse section of the 
weld is the investigated area. 
3. Planar grinding was carried out gradually from rough to fine grinding using Buehler 
eight inch sand paper with 180, 240, 320, and 600 grit size respectively using a disk 
grinder. 
4. Rough polishing was carried out on Buehler Texmet pads, with 3 microns diamond 
paste. 
5. Fine polishing was done using Buehler Microcloth pads, with 0.05 microns Alumina 
solution. 
6. The specimens were finally etched using Keller's reagent. 
 
IV.2.3.2 MICROHARDNESS  
FSW is known to create a unique shape weld nugget due to the extensive plastic deformation 
and grain flow taking place during the process. With the aid of microhardness testing, it is 
possible to investigate the effect of plastic deformation and grain re-orientation on the 
mechanical properties of the weld nugget.  
 
For the existing welding conditions, three microhardness specimens were mounted 
corresponding to pre-selected conditions, ground, and prepared for investigation using the 
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Mitotouya digital microhardness tester according to ASTM E384 standard. The three 
specimens covered the extreme conditions: 
1. Minimum feed rate, minimum RPM speed (2.1 mm/sec, 500 RPM) 
2. Maximum feed rate, maximum RPM speed (5.1 mm/sec, 1000 RPM) 
3. Maximum feed rate, minimum RPM speed (5.1 mm/sec, 500 RPM) 
 
The selection of these conditions aims at identifying the effect of tool rotation speed and feed 
rate on the hardness profile of the weld zone. A load of 200 gf was applied by the indenter, 
with a loading time of 10 seconds. The digital microhardness tester has an indentation scale 
inside the eyepiece that transforms the reading directly to values of Vickers' hardness number. 
 
Five equidistant indentations were taken across the sheet thickness, with vertical spacing 0.3 
mm starting from the specimen horizontal centerline, and horizontal spacing of 0.5 mm at 
points close to the weld centerline, and 1 mm at points relatively far from the weld centerline 
as shown in Fig.4-2. Hardness contours were later developed using MATLAB® release 13.  
 
Fig. 4-2: Schematic drawing showing the locations of microhardness indentation relative to 
the weld nugget 
 
 
IV.2.3.3 SUPERPLASTIC PROPERTIES 
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IV.2.3.3.1 Specimen Geometry for superplastic behavior 
A survey of previous work dealing with specimen dimensions for superplastic tension test 
was carried out. Specimen geometry for superplastic tension testing has gone through a series 
of changes due to various experimental and practical considerations. Tension test specimens 
used to test superplastic materials are usually characterized by two specific features: a small 
length-to-width ratio (less than or equal 2), and an abrupt transition radius from the grip to the 
gage region as shown table 4-3.   
 
Table 4-3: Previous specimen geometries for superplastic testing 
 
 
 
Goforth et al, 1993 
 
 
Kirdli et al, 1998 
Ragai, 2000 
Hassan, 2000 
 
Superplastic properties (e.g. strain rate sensitivity) can be evaluated using various techniques 
including step-strain rate tests, constant true strain rate tests, and dual strain rates. These 
techniques assume that stress, strain, and strain rate are constant throughout the specimen 
gage. The major concept behind the design of the specimen was to minimize the amount of 
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material flow from the grip region by using the sharp transition radius to minimize 
inaccuracies in strain calculation. Since maximum elongation is used to measure 
superplasticity, the short length was also essential for the specimen to remain within the 
furnace capacity of heating and length when pulling the specimen to failure (Kridli et al, 
1998). 
 
Investigations using finite element analysis (FEA) of the aforementioned geometries, revealed 
two sources of error that violate the assumptions required to carry out these tests. First, pin 
loading creates stress concentration in the grip region, which in return deforms the loading 
hole contributing significantly to the error in the measured strain and strain rates as shown in 
Fig. 4-3 (Khaleel et al, 1995).  
 
Fig. 4-3: Deformed plots for a finite element model with and without alignment holes, as 
compared to the undeformed geometry (light plot) (Khaleel et al, 1995) 
 
The second source of error was found due to the sharp transition radius. Sharp radii create 
stress concentration, which disturbs the assumed strain rate throughout the specimen, 
specifically in the case of short specimens (length-to-width ratio of 2) as shown in Fig. 4-4 
(Khaleel et al, 1995). 
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Fig. 4-4: Effect of gauge length-to-width ratio on strain rate profile (Khaleel et al, 1995) 
 
Recent studies using FEA were carried out to optimize for the best and practical specimen 
geometry. Therefore, an improved SPF tensile specimen was designed that avoids the above-
mentioned sources of error. The new specimen has a 4:1 length-to-width ratio in the gage, 
with an intermediate transition radius as shown in Fig. 4-5.  
 
Fig. 4-5: Modified SPB Specimen (Khaleel et al, 2000) 
 
To avoid excessive deformation at the alignment holes, the specimen has to be shoulder and 
face loaded, where the holes were used to attach a cover plate that kept the grip area of the 
specimen from coming out of the grip.  The used grips had a slot where the specimen fit into 
along with the cover plate. The cover plate had a setscrew through it that was tightened to put 
pressure on the face of the grip end of the specimen and hold it in place as shown in Fig. 4-6 
4:1 length-to-width ratio 
standard SPB specimens 
2:1 length-to-width ratio 
 63 
(Johnson et al, 1995). A set of grips were manufactured in order to carry out this function as 
shown in Fig. 4-7.  
 
Fig. 4-6: Specimen face and shoulder loading grips preventing material flow from grips (dead 
zone) and alignment hole deformation (Bae et al, 2000) 
 
 
Fig. 4-7: New grips for face and shoulder loading 
 
Due to material limitation, a scale model for the above specimen geometry was produced 
shown in Fig. 4-8. The scale model provides more uniform temperature distribution across the 
specimen; however it requires a sensitive load cell to measure the small loads during 
deformation (Johnson, 2003). 
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Fig 4-8: Scaled specimen, alignment holes not shown (dimensions in mm) 
 
IV.2.3.3.2 Specimen preparation 
Specimens were machined by milling at the AUC mechanical workshop using a plain cutter 
whose edges are shaped to create the 1.5 mm fillet at the end of the specimen shoulder. The 
weld was centered along the specimen longitudinal axis as shown in Fig. 4-8. The specimens 
were later grinded to remove any surface defects at the weld zone.  
 
IV.2.3.3.3 Test setup 
Uniaxial tension tests were carried out at AUC for the welded conditions using a computer-
controlled INSTRON 5569 universal testing machine with 5 kN load cell provided by Dow 
Chemicals Egypt for high temperature testing, and a 3-heating zones furnace attached to it as 
shown in Fig. 4-9. Constant strain rate tension test (without back pressure) was carried out. 
Strain rate is maintained constant automatically by the machine. The strain rate  function is 
given as: 
   (4-1) 
where V is the crosshead speed, lo is the initial gage length, t is the time (Salem, 1997). 
 
Weld 
4 
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The furnace temperature was stabilized to the required temperature, and then the specimens 
were left for 20 minutes inside the furnace before the test was started. The specimen thermal 
elongation was tolerated using the fine position in the machine. Once the temperature and 
load readings were stabilized, the test was started.  
 
Fig. 4-9: Test setup for constant strain rate test (computer controlled machine) 
 
IV.2.3.4 ROOM TEMPERATURE TENSION TESTS 
Room temperature tension testing was carried out at on the INSTRON 5569 universal testing 
machine at AUC with 50 kN cell using constant-crosshead speed tensile test at 1 mm/min. 
The aim of room temperature tensile tests is to evaluate the degree of retention of mechanical 
properties of the welded joint, in the as-welded and post-heat treatment conditions by carrying 
out transverse tensile tests. The weld nugget was positioned in the middle of the specimen 
gage length. Rough grinding was applied to the weld nugget to smoothen the surface.  
 
IV.2.3.4.1 Room Temperature Test Specimen Geometry  
FSW welded sheets were provided in limited quantities and dimensions. Specimen 
dimensions were optimized in order to achieve the best use of the existing samples to carry 
Load cell 
Pull rod 
Furnace 
Specimen 
Special grips 
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out all the desired tests, as well as the necessary data analysis which requires duplicates of the 
same weld condition. 
 
According to the ASTM E-8M standard for tensile testing of metals, two types of specimens 
can be used: flat grips, or pin-loaded. The pin-loaded type was rejected due to the lack of pin-
loading grips, as well as the possibility of specimen failure in the pin, and most importantly 
due to the lack of enough material to use the ASTM-E8M pin-loaded specimen geometry as 
shown in Fig. 4-10 (requires a total length of 20 cm, while the welded joint width was 6.5 cm 
only).  
 
Fig. 4-10: Pin-loaded tension test specimen with 50-mm gage length (in mm) 
 
Therefore, the ASTM E8 shoulder loaded (flat grips) sub-size geometry was used. It is known 
that the shoulder region is made as long as possible to maintain solid gripping of the 
specimen. However due to limitation with the available material, the shoulder section length 
was shortened from 30 mm to 12.5 mm due to material limitation as shown in Fig 4-11.  
 
Fig. 4-11: ASTM E8 Sub-size Tension Specimen geometry with shortened shoulders showing 
the weld location 
 
Welding 
direction 
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Specimens were machined using a plain milling cutter whose edges are ground to create the 6 
mm shoulder fillet. 
  
IV.3 STATISTICAL DESIGN OF EXPERIMENT 
IV.3.1 DESIGN OF EXPERIMENT FOR SPB 
The aim of SPB testing is to: 
1. Evaluate the degree of retention of superplasticity as a function of the welding 
parameters (feed, rotation speed) using the elongation %, and strain rate sensitivity as 
basis for comparison, as well as statistical analysis to measure the degree of 
significance of the parameters. 
2. Investigate the effect of temperature on the SPB. 
 
In order to identify the significance of the welding parameters on the SPB of the weld 
conditions, constant strain rates tests were carried out at 495°C and a strain rate of 1!10-3. 
Minimum of two specimens were used in order to have more confidence in the resulting data. 
 
To calculate the strain rate sensitivity (resistance to necking) of the weld conditions, four 
different strain rates were used to calculate the rate sensitivity at various strains at 495°C. Due 
to the unavailability of enough specimens, a single test specimen per weld condition was 
carried out. The tests carried out are shown in table 4-4. 
Table 4-4: Constant strain rate tests 
 
Temperature Strain rate (sec-1) Weld conditions 
5!10-3 All conditions + base metal 
1!10-3 (2 replicates minimum) All conditions + base metal 
5!10-4 All conditions + base metal 
495°C 
2.5!10-4 All conditions + base metal 
1!10-3 All conditions + base metal 465°C 
5!10-4 All conditions + base metal 
480°C 1!10-3  Maximum elongation weld condition 
In plotting the data, load-displacement data were converted to true stress-strain diagrams 
assuming that the specimen undergoes constant homogenous deformation. Negligible 
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deflections in the testing machine structure, specimen gripping, and pull-rods were ignored. 
The strain rate sensitivity (m) is then determined through fulfilling runs of constant strain 
rates at several rates. The values of the flow stress at a given strain were plotted against the 
strain rates at which these flow stresses are achieved on a on a  scale. The slope 
of this curve presented the strain rate sensitivity value (Goforth et al, 1993). 
 
IV.3.2 DESIGN OF EXPERIMENT FOR ROOM TEMPERATURE MECHANICAL 
PROPERTIES 
The distribution of the tension test specimens for the 12 conditions was as follows: 
1. As-welded 
2. Post artificial aging heat treatment 
3. Post natural aging heat treatment 
 
At least two replicates were carried out in the same weld and treatment conditions. With the 
aid of multiple-regression, analysis of variance (ANOVA), and other statistical tools, the 
relation between the weld parameters were investigated.  
 
IV.3.3 STATISTICAL ANALYSIS 
Statistical analysis was employed twice during this research. First, it was used to measure the 
significance of weld parameters on the SPB of the welded joints. Second, it was used to 
evaluate the effect of the weld parameters and heat treatment on the mechanical properties of 
the welded joints. Analysis was carried out using Microsoft ® Excel XP, Design-Ease 6.0, 
and MATLAB® to carry out statistical analysis of variance (ANOVA), as well as regression 
analysis.   
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CHAPTER V 
EXPERIMENTAL RESULTS 
 
The experimental results cover the data obtained through microstructural investigations, room 
temperature mechanical testing, and testing for superplastic behavior.  
 
V.1. BASE METAL PROPERTIES 
Characterization of the properties of the base (un-welded) DRX AA 2095 sheets was carried 
out. First, the as-received microstructure was investigated using optical microscopy. In 
addition, room temperature mechanical properties were obtained using tensile testing along 
the rolling direction. Finally, the superplastic behavior (SPB) was studied using constant 
strain rate tensile tests at the typical forming temperatures. In addition, heat treatment trials 
were carried out to identify the natural and artificial aging response of the alloy, as well as the 
microstructural development that takes place. Tensile testing for the post-heat treated base 
metal was also carried out.  
 
V.1.1 MICROSTRUCTURE 
The as-received 2095 microstructure was investigated in the three coordinates using Leica 
image capture system. The resulting microstructure showed a distribution of coarse secondary 
phase particles (Fig. 5-1). At high magnification, very fine equiaxed grain structure was 
observed; a typical requirement for SPF. The structure showed an average grain size within a 
range of 1.5-3.5  (Fig. 5-2).  
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Fig. 5-1: Microstructure of the DRX AA 2095 showing coarse second phase particles 
 
 
Fig. 5-2: Microstructure of the DRX AA 2095 fine grain structure 
 
V.1.2 ROOM TEMPERATURE MECHANICAL PROPERTIES 
The room temperature mechanical properties of the base metal were also characterized using 
tensile testing along the rolling direction. The material properties are mentioned in table 5-1. 
 
Table 5-1: Room temperature mechanical properties of the as-received AA2095 
 
Property El% failure (MPa)  (MPa) 
Average 16.381 % 134.2 196.1861745 
      
V.1.2.1 POST- HEAT TREATMENT 
In order to evaluate the mechanical properties of the as-received material and post-heat treated 
welds, the aging response of the base metal was studied to evaluate the range of temperatures 
and time durations during which the alloy gains its strength. Solution heat treatment (SHT) 
Rolling 
direction 
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was first carried out for the base metal at 510°C for 70 minutes. Specimens were then divided 
into two groups; the first group was left in room temperature for natural aging (NA), while the 
second went through artificial aging (AA) at a temperature of 182°C. Rockwell B Hardness 
(HRB) readings were taken at several time intervals to study both the NA and AA responses. 
 
For the NA behavior, it is known that 2095 acquires about 85% of its strength within the first 
week (>150 hrs). However, the solution heat treated sheets welded and base metal tensile 
specimens were left for 15 days (360 hrs) before being tested. At that time, the hardness of the 
specimen was 84 HRB. The obtained response is shown in Fig. 5-3. For the AA response at 
the selected temperature, the material achieved its maximum hardness of 92 HRB over a time 
period of 7-9 hours as shown in Fig. 5-4. It can be noted that the AA response of the material 
is stronger than the NA response. 
 
 
Fig. 5-3: Natural aging response for 2095 SP sheets 
 
2 weeks 
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Fig. 5-4: Artificial aging response for 2095 SP sheets at 182°C 
 
The starting hardness of both aging approaches is an important detail to observe. For AA, the 
starting hardness represents the solution heat treated (SHT) hardness directly after quenching. 
For NA, the starting hardness on Fig. 5-3 represents an hour of natural aging after SHT since 
it is plotted on a logarithmic scale.  
 
Since the selected NA time corresponds to 85% of the NA temper (T4) strength, the same 
strength levels were adjusted to AA sheets but through over-aging (T7) to retain some of the 
material's ductility, which also enhances its stress-corrosion resistance and fracture toughness. 
Knowing that one of the major objectives of this research is to study the effect of FSW 
parameters on the joint sections in the as-welded, NA, and AA conditions compared to the 
DRX base metal, comparative results were of major importance. 
 
V.1.2.2 POST HEAT TREATMENT TENSILE PROPERTIES  
Base metal properties were investigated in the as-received condition, post artificial aging, and 
post natural aging. To increase the statistical significance of the results, over-aging was used 
in the case of artificial aging to enhance the ductility of the specimen (at the expense of the 
SHT 
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strength). Peak aged (T6) specimens showed very limited ductility (>4%), which did not 
enable the establishment of a parametric statistical model with low noise. Even though the 
weldments surface was smoothened by grinding, limited ductility for the T6 condition caused 
premature failure in some cases. That is why the over aging (T7) temper was used as it 
enhances the ductility, and also increases fracture toughness, stress-corrosion cracking and, 
under some conditions, reduce rates of fatigue-crack propagation. Such properties could be 
demanded for cryogenic applications, where fracture toughness is of great concern. 
 
Therefore, naturally aged specimens were tested after SHT by 15 days. This period was 
sufficient for the material to gain up to ~85-90% of its known T4 strength. For the artificially 
aged specimens, specimens were left at 182°C for 9 hours instead of 7 hours. Both conditions 
are not structurally equivalent as the AA specimens are over-aged, while the NA specimens 
did not reach the T4 strength (under-aged). 
 
Based on the data shown in Fig. 5-5 for elongation-to-failure, and Fig. 5-6 for the ultimate 
tensile strength for the three conditions of the base metal, the following points can be 
concluded. First, the material's response to heat treatment (either natural or artificial aging) 
yielded a significant improvement in tensile strength (~170 % increase in UTS). In the case of 
artificial aging, minor decrease in ductility is noticed (which could have been more significant 
if T6 was used), but still it can be assumed that the material retains most of its ductility after 
T7. On the other hand, natural aging enhances the ductility of the material as compared to the 
base metal (~45 %). Stress-strain diagrams for tension specimens of the three conditions are 
shown in Fig. 5-7. 
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Fig. 5-5: Average elongation-to-failure in the as-received metal, T4 and T7 tempers 
 
 
 
Fig. 5-6: Average ultimate tensile strength in the as-received, T4, and T7 tempers 
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Fig. 5-7: Stress-strain diagram of the base metal (as-received, T4, and T7) 
 
V.2. EFFECT OF FSW 
For every weld condition, the effect of FSW was investigated through microstructural 
investigations (on the macro and micro levels). In addition, room temperature tensile testing 
was carried out for the as-welded, naturally aged, and artificially aged conditions. Finally, 
constant strain rate tensile tests were carried out at typical forming temperatures and strain 
rates.   
 
V.2.1 STRUCTURAL EVOLUTION 
Structural evolution was conducted through the use of stereo and optical microscopy to 
investigate the macro and microstructural changes produced by the different FSW conditions. 
 
V.2.1.1 WELD MACROSTRUCTURE  
Optical macrographs for all the weld conditions were obtained for the weld zone. A friction 
stir welding tool with a 3.8 mm pin diameter, 10 mm shoulder diameter, and pin length of 
1.47 mm was used during FSW. These dimensions determine the area labeled as the extent of 
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thermo-mechanical affected zone (TMAZ), with an inverted trapezoidal section whose upper 
base is the width of tool shoulder (10 mm), and lower base is the diameter of the tool ± 
fraction of millimeter created by the material flow during welding (Fig. 5-8). To either sides 
of TMAZ, the heat affected zone (HAZ exists). In comparison to fusion welding processes, 
this zone is considered very small (± 7 mm from weld centerline). This was also revealed by 
micro-hardness testing.  
 
 
 
 
 
 
 
Fig. 5-8: Macrostructure classification of AA 2095 FSW sheet (750 rpm-5.1 mm/sec) 
 
Within the centerline of TMAZ, there is the zone which suffered the extensive plastic 
deformation and grain refinement, which can be termed as the stir zone (StZ) rather than a 
weld nugget. This zone falls in the location that was occupied by the tool pin. The distinction 
between TMAZ and the StZ is better visualized in microstructural investigations, rather than 
on the macro- level.  
  
One other unique feature of the FSW macrostructure is the distinction of the tool rotation 
direction on the formed structure. According to the above figure, the rotation direction is as 
shown indicating the advancing side (AS) and the retreating side (RS), whereas the feed 
direction is into the plane of the paper. It can be shown that the swirl zone (SwZ) is formed 
near the end of the tool pin, extending from the bottom center of the StZ to the AS of the 
weld. The region below the SwZ close to the sheet bottom surface suffers the minimum 
StZ 
AS 
HAZ 
1.6 mm 
RS 
Extent of Thermo-mechanical Affected Zone 
Width of tool shoulder 
Extent of Thermo-mechanical Affected Zone 
Tool                    Rotation 
HAZ 
SwZ BM BM TMAZ 
TMAZ 
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amount of stirring flow field, as well as temperature due to its closeness to the base where 
maximum heat transfer takes place with the backing plate. However, the SwZ suffers the 
maximum plastic deformation due to the minimum heat input it receives. In the case of the 
thin sheets, the SwZ shows a unique macroscopic tail-like feature near the pin end since at the 
AS/HAZ/TMAZ meeting point; the tool begins a new stirring cycle into the base metal. 
 
The effect of two weld parameters on the macrostructure from the point of material flow and 
macrostructure was investigated: the feed rate and the rpm. The remaining independent 
parameter (z-axis force) is required only to maintain the contact between the tool shoulder and 
the work piece, which is varied with the amount of undercut and the weld appearance.  
 
 
 
 
 
 
 
Fig. 5-9: Macrographs showing the effect of the rpm on the FSW macrostructure at a constant 
feed rate of 2.1 mm/sec and rpm values of (a) 500 rpm, (b) 750 rpm, and  
(c) 1000 rpm (Samples were slightly etched) 
 
It can be observed from the comparison in Fig. 5-9 that the width of the swirl zone decreases 
with the increasing the rpm. At slow rpm (500 rpm) the SwZ cannot be easily identified due 
to the slow deformation rates, which eliminates and spreads the swirl and plastic deformation 
(a) 
(b) 
(c) 
1.6 mm 
1.6 mm 
1.6 mm 
SwZ thickness 
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over a wider region. By grouping all the welds, it is possible to visualize the effect of both 
parameters on the stirring action as shown in Fig. 5-10. 
 
500 rpm   750 rpm   1000 rpm 
 
 
  
 
 
  
 
   
 
 
  
Fig. 5-10: Macrographs showing the macro-structural evolution in the FSW zone for AA 2095 
welded sheets at different parameter combinations of (a) 500 rpm, 2.1 mm/sec,  
(b) 750 rpm, 2.1 mm/sec, (c) 1000 rpm, 2.1 mm/sec, (d) 500 rpm, 3.2 mm/sec,  
(e) 750 rpm, 3.2 mm/sec, (f) 1000 rpm, 3.2 mm/sec, (g) 500 rpm, 4.2 mm/sec,  
(h) 750 rpm, 4.2 mm/sec, (i) 1000 rpm, 4.2 mm/sec,  (j) 500 rpm, 5.1 mm/sec,  
               (k) 750 rpm, 5.1 mm/sec, (l) 1000 rpm, 5.1 mm/sec 
 
The above figure illustrates some observations regarding the presence of the SwZ (banded-
structure). Within the selected range of rpm, the swirl zone did not appear to be a clear 
distinguishable feature for low rpm speeds (500 rpm). It started to appear in the intermediate 
rpms (750 rpm). It also appeared at high rpm (1000 rpm), however with appreciably smaller 
thickness. In addition, within the range of selected feed rates, the SwZ width appears to 
decrease with the increase in the feed rate.  
 
V.2.1.2 WELD MICROSTRUCTURE 
Investigations for the weld microstructure at the micro levels revealed important data 
regarding the thermomechanical effect produced during FSW. For all weld conditions, 
(A) (B) (C) 
(D) (E) (F) 
(G) (H) (I) 
(J) (K) (L) 
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micrographs were captured for the main microstructural features produced during FSW within 
the weld zone as shown in Fig. 5-11 thru Fig. 5-21. 
 
The observations that were encountered in tracing the microstructural evolution within the 
weld nugget were the decrease in size of secondary phase particle, and structural anisotropy of 
the grain structure within the TMAZ, StZ and StZ. Secondary phase particles were 
fragmented due to the stirring action. In addition, the grains in the TMAZ experienced 
extensive plastic deformation. However, the above microstructural changes were also 
controlled by the process parameters (rpm, feed rate) as shown in the following micrographs 
(Figures 5-11 thru 5-21). It can be shown that the resulting weld microstructure was a 
function of the interaction between the rpm speed and feed rate, instead of direct result of an 
individual parameter. 
 
At a constant feed rate (2.1 mm/sec), material flow in TMAZ and SwZ appears to be more 
significant with the increase in rotation speed. In the SwZ, the feather-like flow trend appears 
(on the microstructural level) to be finer, and grain flow appears to be more extensive with the 
increase in the rpm speed. The spacing between the SwZ feather-like structures is due to 
material flow between the threads of the tool pin, leading to particle segregation within the 
SwZ and StZ. That is why as the rotation speed increases, the spacing between them decreases 
(Fig. 5-12 and 5-13 compared). In addition, secondary phase particle fragmentation in the 
TMAZ appears to be more significant with the increase of the rpm speed (Fig. 5-11 and 5-13 
compared). Also since the lowest feed rates indicate maximum specific heat input, coarsening 
can be observed in the HAZ secondary phase particles, as well as above the SwZ. 
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(a) Base (unaffected) metal (b) HAZ/TMAZ interface (c) TMAZ 
Fig. 5-11: Microstructural features for FSW (500 rpm, 2.1 mm/sec) 
 
 
   
(a) Base metal (b) HAZ/SwZ/TMAZ (c) SwZ/StZ 
Fig. 5-12: Microstructural features for FSW (750 rpm, 2.1 mm/sec) 
 
 
   
(a) Base (unaffected) metal (b) HAZ/TMAZ/SwZ (c) SwZ/TMAZ 
Fig. 5-13: Microstructural features for FSW (1000 rpm, 2.1 mm/sec) 
TMAZ 
SwZ 
HAZ 
HAZ 
TMAZ 
SwZ 
StZ 
TMAZ 
SwZ 
HAZ 
TMAZ 
SwZ 
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As the feed rate increases (3.2 mm/sec), the stirring action becomes more pronounced. This 
resulted in the creation of finer grain structure in the TMAZ, while the secondary phase 
particles in HAZ experienced lower coarsening due to the increase in the feed rate (Fig. 5-12 
and 5-14 compared). Both effects also become more pronounced with the increase in the rpm 
(Fig. 5-14 and 5-15 compared).  
 
   
(a) Base (unaffected) metal (b) HAZ/TMAZ interface (c) TMAZ 
Fig. 5-14: Microstructural features for FSW (750 rpm, 3.2 mm/sec) 
 
 
 
   
(a) Base metal (b) HAZ/TMAZ  (c) TMAZ 
Fig. 5-15: Microstructural features for FSW (1000 rpm, 3.2 mm/sec) 
 
With more increase in the feed rate (4.2 mm/sec), the amount of plastic deformation and grain 
and coarse particle fragmentation increased (Fig. 5-17 and Fig. 5-18). Nonetheless, the 
HAZ 
TMAZ 
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increase in the feed rate did not give enough time for homogenous particle fragmentation at 
low rpm speed in the TMAZ (Fig. 5-16 and Fig. 5-19).   
 
   
(a) Base metal (b) HAZ/SwZ (c) TMAZ 
Fig. 5-16: Microstructural features for FSW (500 rpm, 4.2 mm/sec) 
 
The TMAZ in Fig. 5-16 shows totally heterogeneous grain and secondary phase particles 
distribution due to the low rpm and high feed rate, which did not enable homogenous 
fragmentation and refinement. When the rpm was increased (Fig. 5-17), the TMAZ and SwZ 
experienced more grain and secondary phase particles fragmentation. However, due to the 
high feed rate, the dark and white regions corresponding to material flow between the rotating 
tool threads was observed clearly. 
 
 
SwZ 
HAZ 
TMAZ 
TMAZ 
SwZ HAZ 
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(a) Base metal (b) HAZ/SwZ/TMAZ (c) TMAZ 
Fig. 5-17: Microstructural features for FSW (750 rpm, 4.2 mm/sec) 
 
 
(a) Base metal 
 
(b) HAZ/TMAZ 
 
(c) SwZ 
 
  
 
 
(d) HAZ (e) TMAZ (f) SwZ tail 
Fig. 5-18: Microstructural features for FSW (1000 rpm, 4.2 mm/sec) 
 
 
   
(a) Base metal (b) HAZ (c) TMAZ 
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TMAZ 
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Fig. 5-19: Microstructural features for FSW 500 rpm – 5.1 mm/sec 
 
Reaching the extremes of the rpm and feed rate, the fragmentation effect became more 
pronounced. Nonetheless, the anisotropy (in particle size and segregation) within the weld 
zone increased due to the high feed rate which did not allow the deformation process to 
generate homogenously fragmented structure (Fig. 5-20 and Fig. 5-21). 
 
 
(a) Base metal 
 
(b) HAZ/SwZ/TMAZ 
 
(c) HAZ/SwZ/TMAZ 
 
   
(d) SwZ (e) SwZ/TMAZ (f) SwZ 
Fig. 5-20: Microstructural features for FSW (750 rpm – 5.2 mm/sec) 
 
 
(a) Base metal 
 
(b) TMAZ 
 
(c) HAZ/TMAZ 
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(d) HAZ (e) HAZ/TMAZ 
Fig. 5-21: Microstructural features for FSW (1000 rpm – 5.2 mm/sec) 
 
Although FSW resulted in the formation of similar zones within the weld nugget, variation of 
the structural size, as well as the secondary phase particle morphology produced at different 
weld parameters should affect the mechanical properties of the joint of the DRX AA 2095. 
First, the fragmentation effect could enhance the SPB due to the grain refinement it created, as 
well as the refinement of the secondary phase particles which resist grain coarsening during 
high temperature deformation. Yet, failing to create a homogenous weld (anisotropy) could 
deteriorate the room temperature mechanical properties of the welds.  
 
V.2.1.3 POST- WELD HEAT TREATED MICROSTRUCTURES 
Welded specimens were exposed to SHT for 70 minutes at 510°C. They were later prepared 
for microstructural investigations to evaluate the microstructural evolution that took place 
during SHT. A significant change took place in the microstructure, showing a zone of large 
elongated grains whose sizes approach several hundreds microns (or 1-2 millimeters) (Fig. 5-
22). 
HAZ 
SwZ 
TMAZ 
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Fig. 5-22: Grain growth in post-SHT FSW (750 rpm-5.2 mm/sec) 
 
 During the heat treatment, selective grain growth took place in the weld, while all the base 
metal outside the weld (unaffected during welding) remained unaffected after SHT as shown 
in Fig. 5-23. This phenomenon is known as abnormal, exaggerated grain growth, or secondary 
recrystallization.  
 
Fig. 5-23: Abnormal grain growth in post-SHT FSW (welded at 750 rpm-3.2mm/sec) 
 
Indeed this phenomenon is linked to the welded joints microstructure, as well as the weld 
parameters. By comparing the post-SHT with the as-welded macrostructures (Fig. 5-24), it is 
clear that the maximum grain growth took place within the TMAZ, near the top of the weld, 
and within the SwZ in the as-welded structure. The HAZ and some parts of the TMAZ did not 
show any signs of grain growth. 
(a)  
Unaffected 
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(b)  
 
Fig. 5-24: (a) Post-SHT compared to (b) as-welded (FSWed at 750rpm-5.1mm/sec) 
 
To investigate the effect of the weld parameters on the microstructural evolution associated 
with SHT, an attempt to visualize the effect of increasing the feed rate on the SHT structure is 
shown in Fig. 5-25. The comparison shows that as the feed rate increased, grain growth 
became more significant, with grains extending from the top surface until the base of the sheet 
and occupying all the TMAZ (5-25-c). At low feed rates (5-25-a), grain growth is restricted to 
the upper surface of the TMAZ where the friction takes place between the tool shoulder and 
the surface of the sheet. It is noted too that the SwZ transforms to a very coarse grain whose 
size exceeds all the other zones.  
 
 
 
 
Fig. 5-25: Effect of feed rate on the post-SHT grain growth at 500 rpm and feed rates of (a) 
2.1 mm/sec, (b) 4.2 mm/sec, (c) 5.2 mm/sec 
 
(a) 
(b) 
(c) 
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However, the comparison changes when the rpm speed is increased. As shown in Fig. 5-26, at 
high rpm speeds grain growth takes place only at the surface of the welded sheets, whereas at 
low rpm speeds grain growth includes the swirl zone in addition to the surface of the sheet. 
 
 
 
 
Fig. 5-26: Effect of rpm speed on the post-SHT grain growth at 5.2 mm/sec and rotation 
speed of (a) 500 rpm, (b) 750 rpm, and (c) 1000 rpm 
The abnormal grain growth taking place in post-heat treatment welds would have a direct 
effect of the room temperature mechanical properties of the post heat treated welds, as well as 
the SPB of the as-welded specimens since it highlights certain facts about the response of the 
material to temperature. 
 
V.2.2 ROOM TEMPERATURE MECHANICAL PROPERTIES 
Room temperature mechanical properties of the welded joints were evaluated and compared 
to the base metal properties. The properties investigated include hardness measurements for 
the weld zone, producing hardness distribution contours. The aim of these contours is to 
investigate the effect of both the feed rate and rotation speed on the hardness of the weld 
zone. In addition, the mechanical properties of the as-welded, post heat treated welded joints 
were also evaluated using tensile testing. Statistical analysis was carried out whenever 
possible to justify the effect of the welding parameters on the mechanical properties.  
 
(a) 
(b) 
(c) 
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V.2.2.1 MICROHARDNESS 
Three hardness contours were developed representing the extreme of the weld conditions, 
which are: 
a. Minimum rotation speed,  minimum feed rate (500 rpm, 2.1 mm/sec) 
b. Minimum rotation speed, maximum feed rate (500 rpm, 5.2 mm/sec) 
c. Maximum rotation speed, maximum feed rate (1000 rpm, 5.2 mm/sec) 
 
The first two contours revealed the effect of the feed rate on the weld's hardness profile after 
FSW. It is known that FSW is a solid state welding technique, which implies joining through 
stirring and plastic deformation. That is why there was an increase in the hardness values in 
the weld joint. This increase was more pronounced towards the AS side, and specifically the 
stir zone as shown in Fig. 5-27.  
 
 
Fig. 5-27: Hardness contour for 500 rpm – 2.1 mm/sec (hot weld) 
 
As the feed rate increases, it is expected to have an increase in the amount of plastic 
deformation and particle fragmentation during FSW due to the limited specific heat input 
(cold weld). This led to a pronounced increase in the hardness values in the weld zone for the 
500 rpm-5.1 mm/sec weld as shown in Fig. 5-28. 
 
AS 
AS 
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Fig. 5-28: Hardness contour for 500 rpm-5.1 mm/sec (cold weld) 
 
On increasing the rpm while maintaining the maximum feed rate speed, the hardness values 
increased throughout the weld, notably in TMAZ and SwZ. Nonetheless, the values recorded 
for the hardness in the HAZ (outside -5/+5) in Fig. 5-29 were much lower as compared to 
those at lower rpm speeds as shown in Fig. 5-28. 
 
Fig. 5-29: Hardness contour for the 1000 rpm – 5.1 mm/sec 
 
V.2.2.2 ROOM TEMPERATURE TENSILE PROPERTIES  
Room temperature tensile testing was carried out in an attempt to identify the significance of 
the welding parameters, and the effect of the heat treatment temper conditions on the 
mechanical properties. Linear statistical analysis was carried out using multiple regression 
and analysis of variance (ANOVA) to investigate the effect of the weld parameters on the 
resulting mechanical properties (ultimate tensile strength and elongation-to-failure). It was 
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also attempted to investigate the effect of the measured heat input on the mechanical 
properties of the welded joint.  
 
Mechanical testing was carried out with three specimens (replicates) per condition. Some 
specimens were rejected as outliers using Cook's distance, predicted versus actual, normality, 
and residuals plots. Stress-strain behavior was the major criterion in the rejection of outliers, 
for specimens showing totally abnormal behavior. In addition, following the ASTM 
standards, if fracture took place outside the gage region, the specimen was rejected. In other 
words, when rejecting an outlier, thorough investigation was also carried out to identify the 
reasons of rejection of the data.  
 
Finally, it is important to mention that statistical analysis is not a goal in itself, but it is rather 
means to prove postulates about the mechanical properties of the welded joints. 
  
V.2.2.2.a As-Welded 
Tensile tests were carried out for the as-welded specimens, using minimum of three replicates 
per condition. Initially, multiple-regression revealed that the z-axis force is an insignificant 
parameter in affecting the ultimate tensile strength or ductility of the welded joints in the three 
temper conditions (as-received, T4, T7). Therefore, it was ignored when performing ANOVA.  
 
As-welded specimens retained ~90% and higher of the strength of the base unwelded metal. 
In fact some specimens exceeded the UTS of the base metal, and this can be attributed to the 
strengthening effects due to grain refinement and strain hardening during plastic deformation. 
Also the majority of specimens retained ~50% and higher of the base metal ductility. In 
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addition, some welded specimens exceed the ductility of the base metal due to FSW related 
effects. 
 
Statistical analysis using a linear general factorial model for the relation between the 
independent parameters (rpm and feed rate) and the dependent parameters (tensile strength 
and ductility) generated a highly significant model. In the case of tensile strength with the rpm 
and feed rate, a model F-value of 4.24 resulted, which is significant, whereby there is only a 
0.55% chance that a "Model F-Value" this large could occur due to noise. ANOVA showed 
that both the rotation speed and feed rate are insignificant parameters in determining the 
tensile strength of the material, whereas the interaction between them is highly significant in 
controlling the strength of the material as shown in the ANOVA table 5-2. 
Table 5-2: ANOVA for the effect of the independent parameters on tensile strength  
 
Source Sum of Squares DF Mean Square F Value P-value  
Model 1339.297 11 121.7543 4.237076 0.006 Significant 
RPM 29.31173 2 14.65586 0.510027 0.6105 Insignificant 
Feed rate 242.2036 3 80.73454 2.809581 0.0752 Insignificant 
Interaction 1053.795 6 175.6325 6.112052 0.0021 Significant 
Pure Error 431.0316 15 28.73544    
Total 1770.329 26     
 
In the case of ductility, Model F-value of 3.42 implied also that the model is significant. 
There is only a 1.30% chance that a "Model F-Value" this large could occur due to noise. 
ANOVA showed that both the rotation speed and feed rate were also insignificant parameters 
in determining the elongation-to-failure (ductility) of the material, whereas the interaction 
between them is highly significant in controlling the ductility of the material as shown in table 
5-3. 
 
Table 5-3: ANOVA for the effect of the indepdent parameters on the ductility 
 
Source Sum of Squares DF Mean Square F Value P-value  
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Model 116.3854 11 10.58049 3.415758 0.013 Significant 
RPM 1.993899 2 0.99695 0.321851 0.7294 Insignificant 
Feed Rate 2.68943 3 0.896477 0.289414 0.8324 Insignificant 
Interaction 111.6705 6 18.61175 6.008534 0.0019 Significant 
Pure Error 49.56085 16 3.097553    
Total 165.9463 27     
 
The effects of the feed rate and the rpm speed on the tensile strength and elongation at failure 
were plotted as shown in Figures 5-30 thru 5-33 respectively. The graphs show no inherent 
trend, either in the case of the rotation speed or feed rate. It can be observed from Fig. 5-30 
that the minimum fluctuation in mechanical properties was encountered at the highest rpm 
over the range of feed rates, and at the slowest feed rate over the range of rotation speeds.  
 
 
Fig. 5-30: Variation of tensile strength with feed rate for the as-welded 2095 at different tool 
rotation rpm speeds (shaded bar indicates base metal strength range)  
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Fig. 5-31: Variation of tensile strength with tool rotation rpm speed for as-welded 2095 at 
different feed rates (shaded bar indicates base metal strength range) 
 
Fig. 5-32: Variation of elongation % with feed rate for as-welded 2095 at different tool 
rotation rpm speeds (shaded bar indicates base metal ductility range) 
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Fig. 5-33: Variation of elongation % with tool rpm speed for the as-welded 2095 at different 
feed rates (shaded bar indicates base metal ductility range) 
The resulting mechanical properties could not be linked to the specific heat input (which is 
calculated knowing the torque). Regression trials showed no clear relation between these the 
mechanical properties and the power/heat quantities, giving insignificant models. 
 
Another feature of the as-welded testing was the location of failure (table 5-4). Failure at 500 
rpm took place within the weld nugget. At higher rpm, failure took place within the HAZ (± 
5-7 mm from the weld centerline). 
 
Table 5-4: Location of failure in the as-welded tension specimens 
 
 2.1 mm/sec 3.2 mm/sec 4.2 mm/sec 5.1 mm/sec 
500 rpm WN WN WN WN 
750 rpm HAZ HAZ HAZ HAZ 
1000 rpm HAZ HAZ HAZ HAZ 
 
V.2.2.3 POST-WELD HEAT TREATMENT TENSILE PROPERTIES 
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V.2.2.3.a Natural Aging (T4) Tensile Properties 
Results of the variation in the tensile strength and elongation-to-failure with the tool rotation 
speed and feed rate are shown in Figures 5-34 thru 5-37 respectively. As indicated in section 
V.1.2.3, natural aging enhances both the strength and the ductility simultaneously as shown in 
Fig. 5-7. In the case of post-T4 welded specimens, the material retained ~69-87% of its 
strength that was obtained for the base metal, depending on the welding condition. However, 
in the case of elongation-to-failure, the material retained ~25-52% only of the ductility 
obtained for the base metal. It was also noticed that failure took place in the weld zone for all 
the specimens.  
 
When statistically evaluating the effect of the process parameters on the tensile strength of the 
T4 treated specimens, a highly significant linear model was found using ANOVA, as shown 
in table 5-5. The Model F-value of 6.17 implies the model is significant. There is only a 
0.20% chance that a "Model F-Value" this large could occur due to noise. Factorial analysis 
showed that in the case of T4 weldments, tool rotation speed (rpm) and the feed rate are the 
significant model terms. The interaction which was depicted in the as-welded specimen is no 
longer significant. 
 
Table 5-5: ANOVA table for the effect of the independent parameters on the tensile for the 
post-T4 heat treated weldments 
 
Source Sum of Squares DF Mean Square F-Value P-value  
Model 8828.763 11 802.6148 6.17292 0.002 Significant 
RPM 5232.475 2 2616.238 20.12151 0.0001 Significant 
Feed rate 2503.378 3 834.4592 6.417835 0.0077 Significant 
Interaction 1092.91 6 182.1517 1.400931 0.291 Insignificant 
Pure Error 1560.263 12 130.0219    
Total 10389.03 23     
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Fig. 5-34: Variation of tensile strength with the feed rate for FS welded 2095-T4 at different 
tool rotation speeds 
 
 
Fig. 5-35: Variation of tensile strength with tool rpm speed for FS welded 2095-T4 at 
different feed rates  
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Another statistical model was carried out for the effect of the process parameters on the 
elongation-to-failure of the T4 weldments. The Model F-value of 8.58 implies the model is 
significant.  There is only a 0.04% chance that a "Model F-Value" this large could occur due 
to noise. This model shows that the tool rotation speed, feed rate, and interaction are all 
significant model terms as shown in table 5-6.   
 
Table 5-6: ANOVA table for the effect of the independent parameters on th elongation-fo-
failure for the post-T4 heat treated weldments 
 
Source Sum of Squares DF Mean Square F-Value P-Value  
Model 88.11071 11 8.010065 8.582181 0.0004 Significant 
RPM 55.23705 2 27.61853 29.59117 < 0.0001 Significant 
Feed rate 14.04014 3 4.680046 5.014316 0.0176 Significant 
Interaction 18.83353 6 3.138921 3.363117 0.035 Significant 
Pure Error 11.20004 12 0.933337    
Total 99.31075 23     
 
Fig. 5-36: Variation of elongation-to-failure with tool rotation speed for FS welded  
2095-T4 at different feed rates 
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Fig. 5-37: Variation of elongation-to-failure with feed rate for FS welded 2095-T4 at different 
tool rotation speeds 
V.2.2.4 ARTIFICIAL AGING T7 TENSILE PROPERTIES 
Results of the variation in the tensile strength and elongation % with the tool rotation speed 
and feed rate are shown in Figures 5-38 thru 5-41 respectively. As indicated in the base metal 
properties (section V.1.2.3), artificial aging enhanced the strength with minor reduction in 
ductility. However, as compared to natural aging, artificial aging did not show a significant 
improvement in ductility, along with the improvement in strength. That was why over-aging 
was used instead of peak-aging to enhance the ductility of the weldments. This enabled the 
examination of the effect of the welding parameters on the ductility. 
 
The investigated post-T7 welded specimens retained ~70-92% of its strength that was 
obtained for the base metal, depending on the welding condition. However, in the case of 
elongation-to-failure, the material retained ~24-32% only of the ductility obtained for the base 
metal (with only one condition retaining 56% of its ductility). It was also noticed that failure 
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took place in the weld zone for all the specimens. On the statistical evaluation of the effect of 
process parameters on the tensile strength of the T7 treated specimens, a highly significant 
linear model was found using ANOVA, as shown in table 5-7. The Model F-value of 4.30 
implies the model is significant.  There is only a 3.19% chance that a "Model F-Value" this 
large could occur due to noise. 
 
Table 5-7: ANOVA table for the effect of the indepdent parameters on the strength for the T7 
heat treated weldments 
 
Source Sum of Squares DF Mean Square F-Value P-value  
Model 14826.18 11 1347.835 4.295978 0.0319 Significant 
RPM 4113.637 2 2056.819 6.555734 0.0249 Significant 
Feed rate 6031.046 3 2010.349 6.40762 0.0204 Significant 
Interaction 4364.15 6 727.3584 2.318322 0.1479 Insignificant 
Pure Error 2196.204 7 313.7434    
Total 17022.39 18     
The model shows that the tool rotation rpm speed and feed rate are significant model terms in 
conrolling the strength of T7 heat treated weldments. 
 
Fig. 5-38: Variation of tensile strength with feed rate for FS welded 2095-T7 at different tool 
rotation speeds 
 
Tool rotation speed 
(rpm) 
Te
ns
ile
 S
tre
ng
th
 (M
P
a)
 
 101 
 
Fig. 5-39: Variation of tensile strength with rpm speed for FS welded 2095-T7 at different 
rotation speeds 
Another model for the ductility of T7 heat treated specimens was also carried out as shown in 
table 5-8. The Model F-value of 13.25 implies the model is significant.  There is only a 0.24% 
chance that a "Model F-Value" this large could occur due to noise. The model reveales that 
the tool rotation rpm speed, feed rate, interaction are significant model terms. This also agrees 
with the finding resulted from natural aging heat treatment.  
 
Table 5-8: ANOVA table for the effect of ductility on the indepdent parameters for the T7 
heat treated weldments 
 
Source Sum of Squares DF Mean Square F-Value P-value  
Model 17.71061 11 1.610055 13.25089 0.0024 Significant 
RPM 3.961178 2 1.980589 16.30042 0.0038 Significant 
Feed rate 3.845446 3 1.281815 10.54945 0.0083 Significant 
Interaction 9.785511 6 1.630919 13.4226 0.003 Significant 
Pure Error 0.729032 6 0.121505    
Total 18.43964 17     
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Fig. 5-40: Variation of elongation % with feed rate for FS welded 2095-T7 at different tool 
rotation speeds  
 
 
Fig. 5-41: Variation of elongation % with tool rotation speed for FS welded 2095-T7 at 
different feed rates 
 
V.2.2.5 FRACTURE OF TENSILE SPECIMENS 
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An important feature to observe during tensile testing was the location of failure. As it was 
indicated, during room temperature testing except for the 500 rpm weldments, all specimens 
failed outside the weld nugget, indicating a high strength weld. However, when the specimens 
were heat treated, all the specimens (with no exception) failed in the weld zone as shown in 
Fig. 5-42.  
 
AW 
   
T7 
   
T4 
   
 1000 rpm - 4.2 mm/sec 750 rpm – 5.1 mm/sec 500 rpm – 4.2 mm/sec 
 
Fig. 5-42: Location of fracture for the tensile specimens in the as-welded (AW), natural 
aging (T4) and artificial aging (T7) 
 
The stress-strain diagrams of the first condition (1000 rpm, 4.2 mm/sec) are shown in Fig. 5-
43. 
 
Fig. 5-43: Stress strain diagram for the 1000 rpm-4.2 mm/sec (AW, T4, T7) welds 
 
V.2.3 SUPERPLASTIC BEHAVIOR 
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Testing for the SPB of the welded sheets was carried out using constant strain rate tensile test. 
The aim of the testing was to estimate the degree of retention of superplasticity within the stir 
zone specifically, since it presents the location of the maximum grain refinement. The interest 
of the SPB of the stir zone could add to the current research in the area of friction stir 
processing.  
 
V.2.3.1 BASE METAL SPB 
For the base metal, constant strain rate testing was carried out at the three different 
temperatures and rates which are listed in table 5-9. Using these conditions, the effect of the 
two processing parameters; strain rate and temperature, on the SPB of the base metal was 
examined. The effect of the strain rate on the SPB at a constant temperature was investigated 
as shown in Fig. 5-44. The maximum % elongation-to-failure of 475% took place at a strain 
rate of 1!10-3 at a temperature of 495°C as shown in Fig. 5-45.  
 
Table 5-9: Test conditions for the base metal 
 
Specimen Temperature Strain rate (sec-1) 
1 495°C 1!10-2 
2 495°C 1!10-3 
3 495°C 3!10-4 
4 480°C 1!10-3 
5 465°C 1!10-3 
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Fig. 5-44: Effect of the strain rate on the SPB of the base metal at 495°C 
 
As shown, the flow stress at which deformation took place decreased as the strain rate 
decreased. The strain rate sensitivity of the material was evaluated at 495°C (Fig. 5-46), 
where the m-values ranged between 0.42 and 0.63. 
 
 
 
Fig. 5-45: Maximum elongation achieved in the base metal at 1!10-3 sec-1 
  
475 % 
Original specimen 
Strain rate 
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Fig. 5-46: Variation in the strain rate sensitivity with true strain at 495°C 
 
In addition, the SPB was also evaluated at three different temperatures (465°C, 480°C, and 
495°C) at the same optimum strain rate obtained from the previous series of experiments. It 
was found that as the temperature increased, the flow stress values decreased, while the % 
elongation-to-failure increased (Fig. 5-47).  
 
 
Fig. 5-47: Effect of temperature on the SPB of the as-received AA 2095 at strain rate of 1!10-
3 s-1 
 
Accordingly, a strain rate of 1!10-3 sec-1 and a temperature of 495°C were chosen to evaluate 
the effect of the weld parameters on the SPB of the as-welded conditions. The chosen strain 
rate and temperature were selected since they present the optimum SPB conditions for the as-
received 2095 SPB reported, and as reported by previous research (Salem, 1997 and Kridli et 
al, 1998).   
 
V.2.3.2 EFFECT OF FSW PARAMETERS ON THE SPB  
Constant strain rate testing was carried out at the selected optimum strain rate and temperature 
(  = 1!10-3 sec-1,   t = 495°C) for the twelve weld conditions, with a minimum of three 
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replicates per condition. True stress-strain diagrams were plotted according to the procedure 
described in section IV.3.1. % Elongation-to-failure values were used to establish a statistical 
model for the effect of the process parameters (rotation speed and feed rate) on the elongation. 
Scatter plots for the results of the constant strain rate tests (all specimens including replicates) 
as a function of both the feed rate and tool rotation speed are shown in Fig. 5-48 and 5-49, 
respectively. 
 
 
Fig. 5-48: Scatter plot of the elongation % for all the weld conditions at  
1!10-3 sec-1,  495°C as a function of the feed rate 
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Fig. 5-49: Scatter plot for the elongation % for all the weld conditions at 
  1!10-3 sec-1,  495°C as a function of the tool rotation speed 
 
As shown in figures 5-48 and 5-49, there was an increase in the % elongation with the 
increase in the rotation speed. However, no apparent trend was observed in the % elongation 
due to the increase in the feed rate. As compared to the results obtained for the base metal 
(elongation %=475%), there were few specimens that displayed similar % elongations-to-
failure such as those welded at 750 rpm, while higher % elongation of about 550% was 
displayed by the sheets welded at 1000 rpm. 
 
Statistical analysis using linear and logarithmic general factorial models for the relation 
between the independent parameters (rpm and feed rate) and the dependent parameters (% 
elongation-to-failure) generated a highly significant model. A model F-value of 17.60 
resulted, implying that the model is significant. There is only a 0.01% chance that a "Model 
F-Value" this large could occur due to noise. ANOVA showed that the rpm is the only 
significant model term. Both the feed rate and the interaction effect are insignificant model 
terms as shown in table 5-10. The interaction plots are shown in Fig. 5-50 and 5-51. 
Table 5-10: ANOVA for the effect of the independent parameters on elongation % 
 
Source Sum of Squares DF Mean Square F-Value P-value  
Model 744877.5 11 67716.14 17.59914 < 0.0001 Significant 
RPM 695393.2 2 347696.6 90.36488 < 0.0001 Significant 
Feed rate 6622.711 3 2207.57 0.573738 0.64 Insignificant 
Interaction 41955.91 6 6992.652 1.817361 0.1553 Insignificant 
Pure Error 65410.83 17 3847.696    
Total 810288.4 28     
 
Analyzing the interaction plot of Fig. 5-50 shows that there was no interaction observed at 
low rpm speeds as indicated by the lack of intersection. However, during the transition from 
750rpm to 1000rpm some interaction effects are noticed, as featured by the intersection of 
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lines. This also can be traced in Fig. 5-51 through the intersection of both the 750 rpm and 
1000 rpm.  
 
 
Fig. 5-50: Variation of % elongation-to-failure of the welds at 495°C, 1!10-3 s-1 with the tool 
rotation speed at different feed rates 
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Fig. 5-51: Variation of % elongation-to-failure of the welds at 495°C, 1!10-3 s-1 with the feed 
rates at various tool rotation speeds 
 
Nonetheless, as ANOVA revealed, the rotation speed was the decisive force in grain 
refinement and particle fragmentation, which consequently enhances the SPB of the welds. 
The same result was achieved on using a logarithmic model, which means taking into 
consideration the true strain rather than % elongation values. 
 
Variation of flow stress with both the feed rate and tool rotation speed was also investigated. 
By investigating the relation between the flow stress and the tool rotation speed, it was 
observed that there was a significant decrease in flow stress as the rotation speed increased 
(from 500 to 750 rpm) as shown in Fig. 5-52. However, it rises again (from 750 to 1000 rpm), 
yet with much lower amount. The intensity of this rise though became more with the increase 
in the feed rate especially for the low rpm, as shown in Fig. 5-53.   
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The fluctuating trend of variation of the flow stress at the 750 and 1000 rpm speeds as well as 
the increasing trend at 500 rpm shown in Fig. 5-53 can also be compared to the similar 
fluctuating trend of % elongation for 750 and 1000 rpm, and the decreasing trend for 500 rpm 
Fig. 5-51. The relation between both quantities (elongation and flow stress) is inversely 
proportional. As the flow stress increased, the % elongation-to-failure value decreased.  
 
 
 
Fig. 5-52: Flow stress with the rpm at different feed rates at 495°C and 1!10-3 s-1 
 
 
 
 
 
Fig. 5-53: Flow stress at 495°C with the feed rate at different rpm at 1!10-3 s-1 
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It is important though to mention that the plotted flow stress were average true stress values 
for the region of the true stress-strain diagram at which deformation took place only at a 
constant true stress level. Some specimens continued to deform until failure at decreasing 
stress levels, which is an indication of necking. Thus, these decreasing stress levels were not 
included in the calculation of flow stresses.  
 
Maximum elongations were achieved in the 1000 rpm speed at SPF temperature 495°C, and a 
strain rate of 1!10-3 s-1. As shown in Fig. 5-54, minor variation in the flow stress and % 
elongation-to-failure with the feed rate was found. However, by comparing the SPB of the 
welded specimens at 2.1 mm/sec feed rate as a function of the rpm speed, significant 
variations in both the flow stress and elongation-to-failure were manifested, as shown in Fig. 
5-55.   
 
 
Fig. 5-54: SPB at 495°C, 1!10-3 s-1 as a function at 1000 rpm of the feed rate 
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Fig. 5-55: SPB at 495°C, 1!10-3 s-1 as a function at 2.1 mm/sec of the tool rotation 
 
V.2.3.3 EFFECT OF SPF PARAMETERS AND FSW PARAMETERS ON THE SPB 
V.2.3.3.a Effect of Strain Rate on the SPB of the Welds 
The strain rate sensitivity is a measure of the resistance to necking, which is known to be a 
function of temperature and strain, as well as the structural properties of the material. 
Therefore, it is an important parameter in characterizing the SPB of the welds. In addition to 
the tests that were carried out at 495°C, 1!10-3 s-1, three more strain rates were required to 
characterize the strain rate sensitivity (m) at 5!10-3, 5!10-4, and 2.5!10-4 s-1 at the same 
temperature. For the slowest strain rate of 2.5!10-4 s-1, the fluctuating trend of the variation of 
the % elongation with the feed rate was observed again (Fig. 5-56). In addition, the % 
elongation showed a significant increase with the increase in the tool rotation speed from 500 
to 750 rpm followed with almost no increase in % elongation with increasing the rpm from 
750 to 1000 except for the sheets welded at feed rate of 4.2 mm/sec (Fig. 5-57).  
 114 
 
Fig. 5-56: Variation of the elongation % with the feed rate at 495°C, 2.5!10-4 s-1 
 
 
Fig. 5-57: Variation of the elongation % with the rpm speed at 495°C, 2.5!10-4 s-1 
 
Due to the lack of enough specimens, the tests were carried out using single specimen per 
weld condition in the given strain rate. However, multi-linear regression was used to 
investigate the effect of the process parameters (feed rate, tool rotation speed, and z-axis 
force) on the elongation percent. A significant model resulted, with the tool rotation speed as 
the most significant parameter on the resulting elongation. The model indicated significance 
for the other parameters too, yet with lower p-values as shown in table 5-11. Even though the 
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results of this test agreed with the ANOVA findings, the accuracy of this test cannot be taken 
as the accuracy of the test with replicates. 
 
Table 5-11: Regression statistics for 495°C, 2.5!10-4 s-1 
 
ANOVA df SS MS F Significance F 
Regression 3 191808.899 63936.29968 26.18180559 0.000172897 
Residual 8 19536.10096 2442.01262   
Total 11 211345    
 
Regression Statistics 
Multiple R 0.952661002 
R Square 0.907562985 
Adjusted R Square 0.872899104 
Standard Error 49.4167241 
Observations 12 
 
Parameter P-value 
Intercept 0.01130637 
Tool Rotation Speed 0.000130856 
Feed Rate 0.015000343 
Z-axis Force 0.015750733 
 
An important phenomenon took place at this strain rate (2.5!10-4 s-1) that was clearly 
observed in the 1000 rpm welds, as well as some of the 750 rpm welds. The tested specimens 
experienced a significant increase in its true stress levels starting at a true strain of 0.7 as 
shown in Fig. 5-58. Such behavior was not observed for the specimens tested at lower strain 
rates of 1!10-3 s-1 (Fig. 5-54 and 5-55). However, the variation of flow stress with the feed 
rate and tool rotation speed (Fig. 5-59 and 5-60) showed a trend similar to that which was 
observed at 1!10-3 s-1 (Fig. 5-52 and 5-53). 
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Fig. 5-58: Increase in the true stress levels in the 1000 rpm welds at 495°C and strain rate of 
2.5!10-4 s-1 
 
Constant strain rate tests were also carried at relatively higher strain rates of 5!10-3 s-1 and 
5!10-4 s-1. The fluctuating trend of the variation of the elongation with the feed rate was 
observed again. Statistical analysis also indicated the strong significance of the tool rotation 
speed in enhancing the % elongation-to-failure. For the 5!10-4 s-1 rate, the increase in stress 
was noticed again, but more significantly for the 750 rpm welds as shown in Fig. 5-61. Low 
strain rates are usually impractical for SPF. 
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Fig. 5-59: Variation in flow stress as a function of the rotation speed at at 495°C  and strain 
rate of 2.5!10-4 s-1 
 
 
Fig. 5-60: Variation in flow stress at 495°C as a function of the feed rate at 2.5!10-4 s-1 
 
 
Fig. 5-61: Increase in true strain at 495°C for the 750 rpm welds at 5!10-4 s-1 
 
 
Undeformed specimen 
433% at 1!10-4 s-1 
568% at 5!10-4 s-1  
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Fig. 5-62: Maximum elongation achieved in 750 rpm – 2.1 mm/sec at 495°C 
Even though the 750 rpm-2.1 mm/sec condition approached at 5!10-4 s-1 the % elongation to 
failure reached by 1000 rpm-4.2 mm/sec at 1!10-3 s-1, the 750 rpm specimen experienced 
non-uniform flow stresses as compared to the highly uniform flow stress at the 1000 rpm 
condition as shown in Fig. 5-63. 
 
 
Fig. 5-63: SPB of the maximum elongations at 495°C 
 
In the 5!10-3 s-1 rate, % elongation-to-failure values decreased and flow stresses increased. 
Still, no increase in the flow stress was observed as those in the slow rates.  
 
V.2.3.3.b Effect of Weld Parameters on the Strain Rate Sensitivity 
The data acquired from the four rates tested at 495°C for all the weld conditions were utilized 
to calculate the strain rate sensitivity (m) for all the weld conditions. Since the strain rate 
sensitivity is argued to be dependent on the strain at which it is calculated, the variation of the 
m-value with the strain is measured. In general, the maximum m-values were found at the 750 
and 1000 rpm weld conditions as shown in Fig. 5-64. 
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Fig. 5-64: Variation in strain rate sensitivity at 495°C as a function of the true strain for FSW 
at various rpm and constant feed rate of 5.1 mm/sec  
 
Using the strain rate sensitivity for all weld conditions at a true strain of 0.3 (being the most 
uniform deformation stain in most weld conditions), a variation of the m-value with the 
welding parameters was plotted as shown in Figure 5-65 and 5-66. A fluctuating trend of the 
variation in the m-value with the feed rate was also found as shown in Fig. 5-65. However, by 
plotting the variation in m with the tool rotation speed, the m-value was found to increase with 
the increase in the rotation speed as shown in Fig. 5-66. It is important to point out that the m-
value indicates the effect of changing the strain rate. Thus, it is not necessarily that the 
condition that showed maximum % elongation in one strain rate has the highest m-value of 
all. The repeated observation of the fluctuating trend of the relation between the elongation, 
flow stress, and m-value (Fig. 5-67) with the feed rate indicates the existence of an 
interaction. This interaction was taking place between two different factors, which will be 
probed in the discussion. 
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Fig. 5-65: Variation in m-value with the feed rate at 0.3 true strain at 495°C 
 
 
Fig. 5-66: Variation of m-value with the rpm speed at 0.3 true strain at 495°C 
 
 
Fig. 5-67: Variation of strain rate sensitivity with true strain for sheets welded at 750 rpm and 
different feed rates at 495°C 
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V.2.3.4 EFFECT OF TEMPERATURE ON THE SPB OF THE WELDS 
Constant strain rate testing was carried out for all the weld conditions at 465°C, 1!10-3 to 
investigate the effect of the temperature on the SPB of all weld conditions. As compared to 
the base metal at the same test conditions, all the weld conditions exceeded the % elongation 
obtained by the base metal. The decrease in temperature generally decreased the % elongation 
(Fig. 5-68 and 5-69) for all the weld conditions, and increased the flow stress values (Fig. 5-
70 and 5-71). 
 
  
Fig. 5-68: Elongation % as a function of tool rotation speed at different feed rates at 465°C, 
1!10-3 
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Fig. 5-69: Elongation % as a function of feed rate at different tool rotation speeds at 465°C, 
1!10-3 
 
Fig. 5-70: Flow stress variation with the tool rotation speed at different feed rates 
 at 465°C, 1!10-3 
 
 
Fig. 5-71: Flow stress variation with the feed rates at different tool rotation speeds at 465°C, 
1!10-3 
 
The SPB at this temperature differed from that obtained at 495°C. The fluctuating trends 
ceased to exist. Generally, the % elongation values showed maximum values at intermediate 
rpm and feed rate. The flow stresses showed an increase with the increase in the rpm. With 
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the feed rates, flow stresses decreased in the intermediate feed rates, and increased at the 
maxima and minima.  
Using the 1000 rpm-4.2 mm/sec specimen (maximum elongation at 495°C, 1!10-3) to 
visualize the effect of temperature, the decrease in temperature led to a significant decrease in 
the elongation % and a significant increase in the flow stress values. The temperature effect 
from 480°C to 495°C slightly affected the flow stress, whereas the transition from 465°C to 
480°C showed a significant increase in the flow stress as shown in Fig. 5-72. 
 
Fig. 5-72: Effect of temperature on the SPB of FSW (1000 rpm- 4.2 mm/sec condition) at 
1!10-3 sec-1 
 
V.2.4 HEAT INPUT MEASUREMENTS 
The FSW facility at the University of South Carolina was z-axis force controlled machine (as 
opposed to other displacement controlled machines). The application of the z-force was based 
on the weld appearance, depending on the amount of undercut and the ability to produce a 
homogenous weld. During the welding process, the torque, and the total power were 
measured. Later, the free rotation (idle) power was measured (power consumed without 
welding). The power consumed due to welding was taken as the difference between the total 
and free rotation powers. It was then multiplied by a machine efficiency factor to calculate the 
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actual welding power. The specific energy was finally calculated by dividing the actual power 
over the feed rate. The welding independent (controlling) and dependent (measured or 
calculated) parameters are listed in Table 5-12. 
 
Table 5-12: Weld conditions, showing the independent parameters and the dependent 
(measured) parameters 
 
RPM 
 
Feed 
(mm/sec) 
Fz 
(KN) 
T 
(N.m) 
Ptotal 
(Watt) 
Pidle 
(Watt) 
Pactual 
(Watt) 
Specific Energy 
(J/mm) 
500 2.1 4.90 49.19 2576.7 1836.6 605.6 286.11 
500 3.2 5.34 52.82 2746.9 1933.3 664.6 209.32 
500 4.2 5.78 57.05 2978.8 2072.3 743.2 175.56 
500 5.1 6.23 63.19 3285.8 2300.6 810 159.45 
750 2.1 4.90 56.23 4417.14 3602.70 652.04 308.05 
750 3.2 5.34 57.67 4531.58 3490.93 834.81 262.93 
750 4.2 5.78 64.42 5063.54 3698.55 1099.08 259.63 
750 5.1 6.23 71.84 5641.98 4172.63 1187.83 233.82 
1000 2.1 4.45 21.85 2287.59 1578.86 538.99 254.64 
1000 3.2 4.90 21.71 2273.13 1535.69 560.75 176.61 
1000 4.2 5.34 22.21 2325.99 1550.27 590.01 139.37 
1000 5.1 5.78 22.91 2398.42 1467.61 708.25 139.42 
I.P. I.P. I.P. D.P. D.P. D.P. D.P. D.P. 
* I.P: Independent parameter    * D.P: Dependent parameter 
 
Using multi-linear regression for the above data, the relation between the above dependent 
and independent parameters was investigated. Adopting a model that considers the rpm, feed 
rate and z-axis force as the independent variables, and once with the torque as the dependent 
variable and other time with the actual power, analysis revealed a highly significant model 
indicating a direct effect for the three parameters on the measured torque and the actual power 
needed for welding.  
 
V.2.4.1 POWER CONSUMPTION DURING WELDING  
The relation between the various powers at the 500 rpm welding speed is shown as a function 
of the feed rate in Fig. 5-73. 
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Fig. 5-73: Power consumed during FSW itemized for the 500 rpm weldments 
 
The above figure shows an increase in power consumption with the increase in the feed rate. 
Similar curves were obtained separately for the other rpm. However, the comparison across 
the three rpm levels is not possible since in order to achieve the 1000 rpm speed, the machine 
required a 1:1 gear ratio, whereas for the other rpm levels the machine used a gearbox to 
achieve these speeds. As it can be noted from table 5-12, this led to a decrease in the 
measured torque values for all the 1000 rpm weldments as compared to the other rpm levels 
as shown in Fig. 5-74. 
 
The heat input during FSW is a quantity which is difficult to accurately calculate. Various 
thermo-mechanical models are being developed using computational fluid dynamics (CFD) to 
assess the effect of various parameters on the heat input. Yet, the heat input itself is a function 
of the process parameters (feed rate, rpm, and z-axis force) and accordingly the torque and 
power. It also depends on the machine and material parameters; machine efficiency, the tool 
geometry, material properties such as friction and mechanical behavior as a function of 
temperature, and the heat transfer in the weld area (i.e. thickness and thermal conductivity of 
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the material and weld fixture). It can be argued that the measured torque and power are not 
indicative or proportional to the temperature of the weld region due to the complexity of the 
heat input phenomenon.  
 
Fig. 5-74: Specific heat input versus the feed rate at the three rpm levels 
 
Other data that were provided by the research counterparts at the University of South Carolina 
included the measurements of power fluctuations during welding. Despite the decrease in the 
heat input for the 1000 rpm weldments (due to the changes in the machine setup), they show 
significant power fluctuations shown in Fig. 5-75. In the case of 500 and 750 rpm weldments 
(Fig. 5-75 (a), (b)), lower fluctuations were observed. During the testing of the mechanical 
properties at room temperature and superplastic behavior, similar correlations were 
investigated with the aid of statistical analysis. 
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Fig. 5-75: Power fluctuation during welding of (a) 2095, 1000 rpm, 4.2 mm/sec 
 
 
 
 
(b) 2095 aluminum alloy, 750 rpm, 4.2 mm/sec  
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(c) 2095 aluminum alloy, 500 rpm, 4.2 mm/sec 
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CHAPTER VI 
DISCUSSION 
 
VI.1 BASE METAL PROPERTIES 
VI.1.1 MICROSTRUCTURE 
The microstructure of the as-received DRX sheets showed fine grain structure, which was 
prepared for SPF. During SPF, deformation takes place through GBS. The as-received 
microstructure was in the over-aged condition, showing a dispersion of coarse second phase 
particles. These coarse particles correspond to T1, T2, and TB. During SPF, the second phase 
particles should be initially soaked at the forming temperature for a sufficient time to dissolve 
prior to forming. The existence of the (Al3Zr) fine precipitates prevents cavitation and 
grain growth by stabilizing the subgrain structure (Nieh et al, 1997). The detection of these 
precipitates can be done only using Transmission Electron Microscopy (TEM) since their size 
is about 100 nm. 
 
VI.1.2 POST- HEAT TREATMENT 
An extremely strong aging response was observed during the characterization of the natural 
aging process of AA 2095, which agrees with the available literature. NA enhances both the 
strength and ductility. It is know that the Weldalite family has the strongest NA response 
among all aluminum alloys (Davis, 1993; Salem et al (1), 2003). 
 
For AA, 2095 undergoes reversion during its early stages through the dissolution of 
intermediate precipitates such as the , which initially increases the ductility up to 24%. 
This is followed by an increase in the strength. However, on reaching the peak aging 
condition, the ductility significantly decreases. It is know that on aging of 2095, precipitation 
 130 
of , T1, and  phases takes place, which contributes mainly to the strength acquired. 
These phases are hard non-deformable particles which cannot be cut by dislocations (Davis, 
1993). 
 
VI.2 EFFECT OF FSW ON ROOM TEMPERATURE MECHANICAL PROPERTIES 
AA 2095 Weldalite alloy is known to be one of the complicated aluminum alloys due to the 
presence of large variety of second phase particles with different sizes, distribution, and 
morphologies within the Al-matrix. Although, FSW seems to be a very simple process; 
however, the contribution of the welding parameters (rpm, feed rate) to microstructural 
evolution and room temperature mechanical properties are not yet fully understood. In order 
to understand the effect of the FSW parameters and hence derive valuable conclusions, 
interpretation and correlations of the experimental results are made, which will be covered in 
this section. 
 
VI.2.1 AS-WELDED MACROSTRUCTURE 
As indicated in the literature review, the first trial to classify the FSW weld microstructure for 
aluminum alloys was carried out by P.L. Threadgill in 1997. This study divided the FSW 
microstructure into four distinct regions, which are: HAZ, TMAZ, WN, and base metal. 
However, various studies indicated that this classification is not typical for all aluminum 
alloys, for different metals, or even for the same material. Various features were observed, 
such as the existence of the concentric rings (onion rings) within the WN (Fig. 6-1), 
appendages extending from the top of the WN (Fig. 6-2), as well as "banded structures" 
extending from the base of the WN (Fig. 6-3). In fact, the term weld nugget was recently 
replaced by the Stir Zone (StZ) in most literature referring to the zone in the weld that was 
previously occupied by the tool pin (Biallas et al, 1999). 
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Fig. 6-1: Emergence and variation of the onion rings within the WN with the increase in the 
feed rate and rotation speed in a friction stir weld of 4 mm 2024-T3  
(Biallas et al, 1999) 
   
   
(a)  (b) (c) 
Fig. 6-2: Appendages near the top surface in friction stir welds in 6.4 mm thick materials: a) 
AA 7075-T7351, b) AA 2014-T6 and c) AA 5083-H3211  
(Bardely et al, 2000) 
 
 
Fig. 6-3: Observation of the banded structure (B) within the weld nugget (A) in FSP of 6.35 
mm thick A356 aluminum alloy (Ma et al, 2003) 
 
In the current study, 2095 1.6 mm thick sheets were FS welded. The classification of the weld 
zone macrostructure divides it into four distinct regions (Fig. 6-4), which are: the heat 
affected zone (HAZ), thermo-mechanically affected zone (TMAZ), stir zone (StZ), and swirl 
zone (SwZ), in addition to a fifth region which is the base (unaffected) metal. 
 
The SwZ can be described in terms of its dimensions, thickness (t) and width (w) as shown in 
Fig. 6-5. The SwZ forms a feathery tail-like structure near the bottom of the interface between 
the HAZ and TMAZ zones, to the side of the advancing shoulder. This structure was also 
observed by Posada et al (2001) and by Ma et al (2003), but was termed as "banded structure" 
in the latter case as shown in Fig. 6-3. 
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Fig. 6-4: Adopted macrostructural classification of the 1.6 mm 2095 sheet FSW joint 
 
 
Fig. 6-5: Swirl zone dimensions for 2095 FSW 750 rpm/2.1 mm/sec  
 
By studying the weld macrostructure in various conditions of the two investigated weld 
parameters (feed, rpm), and observing their effect on the weld morphology, some major 
trends can be identified. It was found that the dimensions of the SwZ depend on the weld 
parameters, whereas the size of the StZ depends on the tool pin diameter, since this is the zone 
which was occupied by the pin. The StZ, as well as the remaining regions (HAZ, TMAZ) also 
exhibit specific morphologies that depend on the welding parameters. Yet, these 
morphologies are better manifested on the microstructural level.  
 
By investigating the macrostructures of all the weld conditions, the SwZ was not present in all 
macrostructures. The width (w) of the SwZ was found to increase with increasing the rpm, 
and decreasing the feed rate separately. Conversely, the thickness (t) of the SwZ increased 
with the increasing in the feed rate, and decreasing the rpm discretely too. That is why at 500 
rpm (lowest rotational speed) the StZ has the largest thickness, making it difficult to be 
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distinguished within TMAZ. In some cases, it extends until it almost fills the entire sheet 
thickness (in the case of 500 rpm-5.2 mm/sec). The unique SwZ shape becomes difficult to be 
observed. These observations agree with the observations made by Ma et al (2003) as shown 
in Fig. 6-6. 
 
Fig. 6-6: Effect of weld parameters on the SwZ (B) in FSP A 356 using process parameter 
combinations of (a) 300 rpm, 51 mm/min, (b) 300 rpm, 102 mm/min, (c) 500 rpm, 51 
mm/min, (d) 500 rpm, 102 mm/min, (e) 700 rpm, 102 mm/min, (f) 700 rpm, 203 mm/min, (g) 
900 rpm, 102 mm/min, (h) 900 rpm, 203 mm/min (Ma et al, 2003) 
Note the change in the SwZ dimensions with the variation in processing parameters 
 
Ma et al identified two processing regions; one characterized with the formation of the SwZ 
(banded structure), and another that do not exhibit the SwZ as shown in Fig. 6-7.  
 
Various explanations for the formation of the SwZ have been suggested. The SwZ forms at 
the base of the HAZ/TMAZ interface. This region is where the maximum heat conduction 
(flux) takes place due to the backing plate. This is clearer at high rpm welds. This region is 
characterized by low temperature as compared to the regions close to the workpiece surface 
(Fig. 6-8). Near the sheet surface, friction between the tool shoulder and the sheet increases 
the temperature, thus leading to dissolution of the second phase particles, depending on the 
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amount of heat input. On the contrary, near the base the high thermal gradient decreases the 
temperature levels, thus causing structural heterogeneity to appear near the base, which is 
known as the SwZ. Not only thermal gradient resulted in the heterogeneity of the structure 
across the sheet thickness, but also over the distance from the advancing to the retreating 
shoulders. By the time rotation of the pin occurs from the AS to the RS the heat generated by 
the shoulder friction with the sheet surface results in softening of the retreating side and hence 
develops relatively coarser structure and fading out of the swirl zone.  
 
Fig. 6-7: Plot showing the effect of the welding parameters on the creation of the SwZ 
(After Mae et al, 2003) 
  
 
 
(a) depth 1.6 mm           (b) depth 4.8 mm 
Fig. 6-8: Isotherms at different depths below the workpiece surface of 6061 T6 FSW 
at 400 rpm-2mm/sec (Tang et al, 1998) 
This zone presents the maximum anisotropy in the weld due to the limited thermal effect, 
causing extensive strain hardening and segregation. It can be expected based on the above 
hypothesis that increasing the feed rate (which indicates decreasing the heat input) will cause 
the SwZ to increase in thickness. This exactly agreed with the experimental results. 
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The thickness of the SwZ is directly related to the thermal effects due to the rpm and feed 
rate, whereas its width is directly related to the flow effects due to both parameters. Within 
the range of selected feed rates, the SwZ width appears to decrease with the increase in the 
feed rate. This can be explained in the light of flow patterns, which are associated with FSW. 
An incompressible flow model for FSW was cited by Schneider et al, 2003. This model 
suggests that the flow during FSW is divided into three main components: rigid body rotation 
of the tool, uniform translation motion of the tool (feed), and ring vortex flow field a shown in 
Fig. 6-9. The first two components are planar flows, while the third component was 
confirmed by marker experiments showing that up-and-down flow components exist during 
FSW.  
 
 
 
           (a)          (b)             (c) 
 
Fig. 6-9: Hypothetical flow fields in FSW (a) rigid body rotation, (b) uniform translation, (c) 
Ring vortex (Schneider et al, 2003).  
 
When these three motions are grouped together, the resultant flow trend shows the formation 
of concentric rings (curvilinear motion) throughout the direction of flow, as shown in Fig. 6-
10. This confirms with the observed decrease in the width of the SwZ with the increase in the 
feed rate. This could be explained due to the fact that at a constant rpm speed, the pitch 
(spacing between the concentric rings) increases with the increase in the feed rate. This makes 
the observed SwZ width decreases since the entire ring (full cycle) will be scattered over a 
larger distance (i.e the pitch). 
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Fig. 6-10: Formation of the concentric rings within the FSW (Bradley et al, 2000) 
 
The increase in the width of the SwZ with the increase in the rpm is also attributed to the 
generated vortex flow field. Higher rpm will cause intensive swirling to take place. However, 
the increase in the SwZ width should not be taken as an increase in the localized 
heterogeneity of the structure. Rather, it indicates more mixing of material and more 
dissolution and fragmentation of particles (Biallas et al, 1999). In other words, it indicates the 
increase in the SwZ dimensions at the expense of the TMAZ.  
 
The formation of the SwZ to the side of the advancing side of weld is flow-related 
phenomenon. Marker experiments carried by Colligan (1999) proved that the dragging force 
of the pin forces the base material to flow for full rotation, and reside at the advancing 
shoulder side (Fig. 6-11). Material flow is due to the rotational flow field, as well as due to 
the material between the threads of the tool pin. 
 
As aforementioned, the SwZ morphology is characterized by the formation of a feather-like 
structure within the SwZ. Experiments showed that this structure happens due to the material 
flow between the threads of the pin. This was also verified by marker experiment as shown in 
Fig. 6-12. 
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Feed into the paper plane 
 
(a) 
 
                (b)                 
Fig. 6-11: Marker experiments with steel tracers located at the positions shown in (a) 
produces the resulting flow trends in (b) for some specific positions, moving the markers 
toward the advancing side (Colligan, 1999)  
 
 
Fig. 6-12: Material filling thread space in AA 6061 FSW (Colligan, 1999) 
 
The rest of the regions (HAZ, TMAZ, StZ) do not show specific macrostructural features 
similar to the clear features demonstrated by the SwZ at the macro-level. However, better 
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visualization for the evolution that takes place in these zones due to the weld parameters was 
explored on the microstructural level. 
 
VI.2.2 AS-WELDED MICROSTRUCTURAL EVOLUTION 
Due to the extensive structural refinement within the FS weld zone at different conditions, it 
was not feasible to use the Leica optical microscope to measure the grain size distribution. 
Further, future work under this research grant includes using the Orientation Imaging 
Microscopy (OIM) at the University of South Carolina to investigate the grain size 
distribution and misorientation angle between the boundaries of the produced structures. This 
analysis will be conducted during the summer of the year 2003. 
 
As observed in the microstructure of the various weld conditions, it is convenient to conclude 
that the amount of thermal and mechanical created anisotropies in FSW is relatively small and 
localized as compared to those created by conventional fusion welding. On the 
microstructural level, thermally and mechanically created anisotropies cause significant 
effects into the four zones (HAZ, TMAZ, StZ, SwZ) within the FSW joint. These anisotropies 
were found to be functions of the process parameters (feed, rpm). 
 
The HAZ only experiences thermally created anisotropy (TCA). Thermal effects resulting 
from the friction of the tool shoulder with the sheet surface leads to a significant decrease in 
the strength due to over-aging in the heat-treatable alloys (e.g. 2095), or by annealing in strain 
hardened alloys. In 2095, with the base metal already showing coarse second phase, thermal 
effects results in more weakening of the HAZ. This was verified by microhardness testing, 
and by transverse tensile testing as it will be discussed later. Coarsening increases within the 
HAZ with the increase in the specific heat input (high rpm-slow feed rates). Frictional effects 
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increase the temperature, whereas slow feed rates increase the duration of thermal exposure of 
the HAZ.  
 
In the case of the TMAZ, the increase in the feed rate increases in the mechanically created 
anisotropy (MCA) by creating non-uniform hardness distribution (i.e. plastic deformation 
causing localized strain hardening). With the increase in rpm and decrease in feed rate, 
thermal effects increase causing recovery and DRX (grain refinement) due to the increase in 
the heat input associated with welding. Mechanical and thermal effects also cause 
fragmentation and dissolution of second phase particles, respectively. Yet, NA could take 
place with time within the solutionized regions, which gives rise of the micro-hardness values 
observed within the StZ. 
 
Fragmentation, dissolution, and segregation of fine particles, as well as recovery and DRX 
within the TMAZ, StZ, and SwZ are affected by the weld parameters in morphology, as 
indicated. The SwZ suffers lower thermal effects, and higher mechanical effects as explained 
in section VI.2.1. The StZ, which is located at the position previously occupied by the tool 
pin, suffers the maximum thermal and mechanical effects. All the TCA and MCA within the 
FSW zone are listed in table 6-1. 
 
Table 6-1: Thermal and mechanical created anisotropies within FSW zones 
 
Zone Thermal-created anisotropy Mechanical-created anisotropy 
BM None None 
HAZ Second phase particle coarsening None 
SwZ Grain flow + Particle segregation Extensive plastic deformation 
TMAZ Recovered grains + particle dissolution High plastic deformation 
StZ Recovery and DRX Extensive plastic deformation 
(Yutaka et al, 1999; Bradley et al, 2000; Strangwood et al, 1999) 
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Hardness contours carried out in this research showed that the increase in feed rate increased 
the MCA by increasing the localized strain hardening and heterogeneity within the TMAZ, 
SwZ, and StZ. Low feed rates increase the heat input, which consequently decreases the 
hardness within the HAZ. The increase in rpm causes more uniform hardness distribution, 
though higher. This increase is attributed to the dissolution of the second phase particles as 
indicated by TEM experiments carried out by Strangwood et al, 1999. This also confirms with 
the findings of Salem et al (2), 2003, who investigated the effect of FSW parameters on the 
microstructural evolution of AA 2095 welded at different feed rates and constant rpm, though 
with displacement controlled FSW machine. Salem et al also carried out coarse particle 
volume fraction distributions to illustrate the variation in values across the WN as shown in 
Fig 6-13.  
 
 
Fig. 6-13: Coarse particle volume fraction distribution for DRX 2095 FSW using 
displacement control FSW as a function of the feed rate (Salem et al (2), 2003) 
(Note the AS is on the left side of the contour) 
 
The above contours conclude the effect of the weld parameters on the microstructural 
developments in the weld, as well as the TCA and MCA. The increase in the feed rate 
contributed to MCA by strain hardening of a larger part within the TMAZ, with higher 
hardness values. Low feed rate created more uniform coarse particle fragmentation, leading to 
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finer particle distribution within the StZ, and a wider region of the TMAZ extending towards 
the AS side. 
    
VI.2.3 POST-WELD HEAT TREATED MICROSTRUCTURE 
Abnormal grain growth (AGG) in FSW was previously observed by Mishra et al, 2001 (Fig. 
6-14), and Charit et al, 2002. In both cases, it was observed in FSP as-cast Al-base alloys. In 
the current research, AGG is observed for the first time in FSW of DRX sheets. The amount 
of growth due to SHT was very significant. Investigating the effect of the weld parameters on 
AGG was attempted. 
 
Fig. 6-14: Selective grain growth in FSP 7050 Al alloy heat treated at 470°C for 12 minutes 
(Mishra et al, 2001) 
 
There are specific experimental observations and parameters that are identified in AGG. 
There are two main prerequisites for the occurrence of AGG (also called second 
recrystallization, exaggerated grain growth, discontinuous grain growth). In order for AGG to 
take place, normal grain growth must be inhibited (Byrne, 1965). In addition, there are other 
specific characteristics of AGG that are listed in the literature. For example, the large grains 
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formed during AGG are not freshly nucleated grains. Rather, they are merely specific grains 
of the initial structure, which become enlarged. The driving forces for AGG are the same 
forces that are encountered in normal grain growth, which act to reduce of the total GBS and 
energy in the structure (Cotterill et al, 1976). 
 
In FSW, it is believed that AGG is controlled by the anisotropy in grain boundary energy and 
mobility, in addition to the reduction of pinning forces due to the segregation of the pinning 
precipitates within the StZ, and finally the thermodynamic driving forces resulting from the 
grain size distribution (Charit et al, 2002). Precipitates are known to cause pinning forces that 
"pin" the grain boundaries migration, thus stagnating grain growth. The oldest identified 
mechanism of AGG is the texture-induced AAG. This mechanism occurs in relatively fine 
grained microstructure, which is characterized by a single orientation texture (statistical 
tendency for certain crystallographic orientation). Recent OIM research on FSW of 
Aluminum-base alloys showed that grains appear to become statistically shifted towards 
certain crystallographic directions as a function of the feed rate as shown in Fig. 6-14 (Salem 
et al, 2003). 
 
It is believed that the statistical properties of the misorientation angles distribution (mean, 
standard deviation) can be used to indicate the degree of shift in the texture, which will 
consequently affect the extent of AGG. However, the misorientation distributions shown in 
Fig. 6-15 are not sufficient to generate a model that investigates the effect of the feed rate on 
the extent of texture, which consequently affect the AGG. Conclusions showed that AGG 
undergoes a reversed behavior change with the variation of the feed rate. 
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Fig. 6-15: Misorientation angle diagrams for (a) DRX base metal, (b) Displacement 
controlled FS welds of AA 2095 at 2.1 mm/sec, and 4.2 mm/sec showing the statistical shift 
at 1000 rpm welds (Salem et al, 2003) 
 
Therefore, to identify the effect of the weld parameters (rpm, feed rate) on the extent of 
abnormal grain growth, it is important to remember all the previous factors that cause AGG. It 
can be shown from Fig. 6-16 that the amount of AGG decreases with the increase in rpm, 
since high rpm means high heat input, and lower anisotropy due to the intensity of thermal 
and mechanical deformation. The effect of the feed rate though is not simple, as it undergoes 
reversed behavior at a certain rate. At low feed rates (2.1 mm/sec), the specific heat input 
values are maximized. It is suggested that the produced structure goes through dynamic 
recrystallization during welding which is followed by AGG during SHT. At high feed rates 
(5.1 mm/sec), the specific heat input values are minimized, thus increasing the preferred 
orientation and rotation of grains during plastic deformation under minimal heat input. 
Moreover, previously observed segregation of the pinning fine precipitates of (Al3Zr) 
within the SwZ by Salem et al (2001) may be the reason for AGG, especially within the 
regions which are depleted from such precipitates. In between (4.2 mm/sec), both effects 
interact. The heat input is not high enough to cause the initiation of grain growth deep from 
the surface, and the amount of plastic deformation is not high enough to create a preferred 
texture that can start AGG mechanism.   
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Fig. 6-16: The effect of weld parameters on the extent of AGG 
 
VI.2.4 MICROHARDNESS INVESTIGATIONS 
Hardness contours provide information regarding the extent of plastic deformation and 
thermal effects that occurred within the FS weld zone. Using three cases representing the 
extremes of the existing weld conditions, information regarding the effect of both the rpm and 
feed rate was retrieved.  
 
It was noted that the increase in feed rate causes an increase in the hardness values recorded 
within the weld zone, as well as causing a non-uniform hardness distribution. The low feed 
rate was termed "hot weld" by Salem et al, 2003. This is because the slow welding rates 
causes more heat input to be fed into the weld zone for a constant rpm. As the feed rate 
increases (cold welds), plastic deformation increases due to the decrease in heat input. It is 
expected too that the incoherent particle fragmentation and segregation would take place 
within the stir zone of the cold welds, especially at the high rotational speeds.  
 
Near the surface, dissolution of particles takes place. This is expected due to increase in the 
local temperature produced near the surface associated with the high frictional forces between 
the shoulder and sheet. Consequently, this leads to an increase in the hardness by the 
solutionizing effect which can be observed in the 500 rpm-2.1 mm/sec weld as compared to 
500 rpm-5.1 mm/sec. This coincides with the findings of Fonda et al, 2001 that the decrease 
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in the feed rate decreases the hardness values within the HAZ (i.e. particle coarsening). 
However, an argument can be made here concerning the effect of heat input on the grain 
coarsening, especially at regions close to the top surface of the welded sheets. The lower the 
feed rate and the higher the rpm, the softer the material will be due to grain growth. This 
explains the general increase in the hardness values with increasing the feed rate. 
 
With the increase in rpm, the hardness distribution becomes more uniform due to increase in 
heat input provided to the weld. This heat input minimizes the degree of plastic deformation 
anisotropy within the weld. Yet, it leads to an increase in hardness within the StZ/SwZ due to 
the fine particle segregation. Such particles are suggested to be the fragmented coarse 
particles as well as the  (Al3Zr) precipitates.  
 
VI.2.5 AS-WELDED TENSILE PROPERTIES 
Statistical analysis of the as-welded tensile properties showed that the individual weld 
parameters (feed rate, rpm) are insignificant. It is the interaction between the two parameters 
that controls the strength and ductility of the material. The interaction between the two 
parameters can be correlated to the heat input and the stirring action. However, using the 
available data, it is not possible to establish a model through which this hypothesis can be 
verified. 
 
No previous work on the effect of process parameters on the tensile properties of the FSW 
was carried out in a similar approach. It can be noted that the strength of some weld 
conditions approached and slightly exceeded the base metal strength (~4 MPa), definitely 
with reduction in ductility (Fig. 6-17). This increase was also encountered in FSW of Al-
alloys by others (Biallas et al, 1999). As it was indicated, this takes place only in thin sheets. 
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Fig. 6-17: Stress-strain behavior in the as-welded conditions at high feed rates 
 
This phenomenon can be attributed to the plastic deformation that takes place during FSW. 
Plastic deformation at low-medium rpm/high feed rates cause strain hardening to take place, 
and thus increases the dislocation density. Strain hardening increases the strength of the 
material and decreases the ductility. This also coincided with the observation of the fracture 
location in the as-welded tensile specimens. As reported in the results, fracture for the 500 
rpm welds took place in the weld nugget. However, by increasing the rpm, fracture took place 
within the HAZ, which agreed with the results reported by others (Fig. 6-18) (Mahoney et al, 
1998). 
 
Mahoney et al explained in terms of both the heat and plastic deformation taking place during 
welding. Generally, the TMAZ has a high dislocation density, which makes it a strong 
location in the weld. It is believed that in the case of low rpm/high feed rate combinations, the 
amount of strain hardening is relatively high and the density of dislocation is relatively high 
due to the limited heat input. Accordingly, these low heat input specimens failed within the 
TMAZ. It can be noted that fracture took place on the retreating side in the majority of 
specimens that failed in TMAZ (500 rpm welds). All the other weld conditions (750 and 
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1000) failed in the HAZ. However, this cannot be used to draw conclusions as it requires 
advanced measurements of dislocation density within TMAZ.  
 
However, in the case of high rpm/low feed rate where high specific input is given to the weld, 
this influences the strengthening precipitate morphologies. This can cause grain coarsening 
and particle over-aging within HAZ which does not receive any strengthening by plastic 
deformation as compared to TMAZ. Thus, tensile fracture takes place in HAZ. This confirms 
with the fracture location observed for the transverse tension specimen observed by Mahoney 
et al in Fig. 6-18. 
  
Fig. 6-18: Location of tensile fracture and temperatures associated with FSW in AA 7075 
(Mahoney et al, 1998) 
 
As the statistical model revealed, the tensile strength of as-welded FSW is not a function of 
the individual parameters, but rather the interaction. Yet, the rpm remains as a more 
influential parameter when compared to the feed rate. This can also be observed in the effect 
of the rpm on the tensile strength and ductility at various feed rates. Still, the explanation of 
the feed/rpm interaction requires more measurements and numerical models to be established 
in order to obtain an accurate measure of heat input as a function of both the rpm and feed.  
 
VI.2.6 POST-WELD HEAT TREATED TENSILE PROPERTIES 
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As the statistical analysis of the heat treated tensile specimens showed, the individual 
parameters became significant in controlling the strength and ductility of the welds. It is 
known that the heat treatment, either using natural or artificial aging, involves a step of 
solution heat treatment (SHT). SHT results in the dissolution of coarse second phase particles 
that exist within the weld zone, notably within the StZ regardless of the weld parameters. 
Subsequent aging can strengthen the weld. However, due to the special nature of the weld 
zone, SHT may cause other mechanisms to initiate, such as the abnormal grain growth, which 
could be related to the texture and heat input. 
 
Full retention of the heat treated mechanical properties (strength and ductility) was restricted 
by the AGG, which caused about ~13-31 % drop in strength and ~48-75% drop in ductility in 
the case of natural aging, and ~8-30 % drop in strength and ~68-76% drop in ductility in the 
case of artificial aging compared to that of the base metal.  
 
Correlation between the mechanical properties and the post heat treated microstructure can 
provide better explanation for the effect of the rpm and feed rate on the mechanical properties. 
Results showed that generally the weld strength is enhanced by the increase in rpm, and the 
decrease in feed rate. Post-SHT microstructural investigations also showed that the extent of 
AGG decreases with the increase in rpm. The effect of feed rate on AGG experiences a 
reversed behavior at specific feed rate, which was not clearly indicated on the strength, but it 
manifested clearly on the effect of feed rate on ductility. It is important to note that the 
specimen with the highest intensity of AGG (500 rpm-5.1 mm/sec) showed the lowest post 
heat treated mechanical properties in both tempers. 
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The rpm still appears to be the more significant parameter in controlling the post heat 
treatment strength. It also causes particle fragmentation, recovery and DRX and more uniform 
dispersion of the particles within the weld zone as compared to low rpm. It also limits the 
texture, and hence decreases the AGG.  
 
VI.3 SUPERPLASTIC BEHAVIOR (SPB) 
VI.3.1 BASE METAL SPB 
If forming starts before dissolving the coarse particles, such particles could hinder GBS by 
blocking boundary rotation and could cause cavitation during SPF (Salem, 2003). This was 
later verified through SPB testing at relatively low forming temperatures. 
 
The SPB of the base metal confirms with that obtained by Kiridli et al when tested at 495°C 
and 1!10-3 sec-1 for a Weldalite 049 alloy of close composition by Kridli et al, 1998. 
However, the investigated alloy showed higher true stress values and less % elongation-to-
failure at relatively lower temperature. This can be attributed to the differences in test 
scenarios and starting microstructure. In the current study, the specimen was left for 20 
minutes inside the furnace before the start of the test to allow for uniform temperature 
distribution. In the case of Kridli et al, the specimen was left for 30 minutes and a pre-loading 
of 100 N was done at room temperature. In addition, the material in the current study was 
characterized by the existence of coarse over-aged second phase particles. The 20 minutes 
period was insufficient for the coarse particles to dissolve prior to loading during SPF, which 
could have resulted into a delay in the deformation by GBS. In addition, investigations of Salem 
et al (2001) revealed the presence of some dislocation activity within the structure and along its 
boundaries. Presence of dislocations during the initial stages of SPF promotes deformation by 
dislocation creep which gives rise of the initial true stresses displayed (Pilling et al, 1989). 
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VI.3.2 EFFECT OF WELD PARAMETERS ON THE SPB 
Previous research was carried out on the SPB of FSW 2095 in the transverse direction by 
Salem et al, 2001. This research concluded that FSW retained the SPB of DRX AA 2095 
sheets when tested in the direction transverse to the weld. With transverse welds, the SPB 
behavior of the base, HAZ, and weld together was characterized. However, the deformation 
was not uniform due to the structural differences between the various weld zones. 
 
The current study focused on the SPB of the StZ which, experiences the maximum plastic 
deformation and DRX to study the influence of the weld parameters, as well as the potential 
of FSP. Use of specimen gage width of 4 mm indicates that only the SPB of the StZ is 
investigated (pin diameter is 3.8 mm). 
 
Constant strain rate tests of all weld conditions at 1!10-3 sec-1 and 495°C showed that the % 
elongation-to-failure increases with the increase in the rpm. Conversely, the relation with the 
feed rate was relatively complex. At low rpm (500 rpm), the % elongation decreased with the 
increase in feed rate. At higher rpm (750 and 1000 rpm), the % elongation fluctuated with the 
increase in the feed rate. Statistical analysis showed that the rpm is the only significant 
parameter in controlling the % elongation-to-failure of the welds. 
Optimum superplastic behavior was obtained for the sheets welded at the 750 and 1000 rpm. 
The maximum recorded % elongation-to-failure was 548% for the 1000 rpm-4.2 mm/sec 
condition, which exceeds the 475% elongation obtained by the base metal at the same forming 
conditions. The exhibited improvement in the SPB of the welded sections with the increase in 
rpm can be explained using the microstructural evolution within the StZ. The StZ experiences 
the maximum plastic deformation and thermal effects, leading to continuous recovery and 
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DRX as indicated by Jata et al, 2000. Moreover, dissolution of the coarse second phase 
particles within the StZ by FSW facilitates GBS during subsequent SPF. On the other hand, 
the over-aged coarse second phase particles within the base metal matrix blocks GBS during 
the first stage of deformation until they go into solution. Hindering of GBS results in 
cavitation, and hence premature failure.  
 
Statistically, the feed rate does not appear to be contributing much to the grain refinement 
within the StZ. Still, the feed rate does affect the dissolution of the second phase particles. At 
low feed rates, high heat inputs may cause the second phase particles to coarsen, which was 
observed in Fig. 6-13. It is believed that the rpm causes a random distribution of high angle 
boundaries. This contributes to the % elongation-to-failure. As results showed, the % 
elongation-to-failure increases with the increase in rpm. However, the relation between the 
feed rate and elongation is fluctuating.  
 
When the SPB of the longitudinal FSW sheets was characterized at lower temperatures, a 
significant drop in the % elongation-to-failure and a significant increase in the flow stresses 
took place. This is believed to be as a result of insufficient incubation period inside the 
furnace before SPF (20 minutes). The over-aged starting particles required longer incubation 
period to cause complete dissolution, in spite of the particle fragmentation that took place 
during FSW. 
 
Strain rate sensitivity analysis showed that FSW improved the m-values of the StZ over the 
base metal. The base metal showed m = 0.612 at a true strain of 0.30. This value was 
exceeded by all the 1000 rpm welds, and all the 750 rpm welds except the least feed rate 
weld. The relation between the m value and the weld parameters shows an increase in the m-
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value with the increase in rpm. For the feed rate, a fluctuating trend was encountered 
indicating no direct influence for the feed rate on the m-value. This agrees with the results of 
the statistical analysis. 
 
In spite of the fact that slightly higher % elongation (568%) was obtained at 5!10-4 sec-1 and 
495°C for the 750 rpm-2.1 mm/sec condition. This condition cannot be considered an 
optimum SPF condition for two reasons. First, slow forming rates are not desirable during 
SPF since they increase the product cost. Second, the material experienced grain growth 
which was manifested in the increase in flow stress. This would result in textured structure 
which would require significant treatment to restore its properties for subsequent service use.  
 
An important feature which was shown at slow strain rates testing for the 750 and 1000 rpm 
welds is the increase in flow stresses starting at > 0.8 true strain. This increase in flow stress 
results from grain coarsening. Grain coarsening causes a change in the deformation 
mechanisms of SPF from GBS to diffusional mechanisms. Cavitation begins to initiate inside 
the material through build-up of stresses at triple points (Pilling et al, 1989).   
 
VI.4 HEAT INPUT MEASUREMENTS 
There are three approaches that are followed in indicating the heat input during FSW. The 
first approach utilizes computational techniques to predict the heat and temperature 
distribution during FSW. Such models are getting more accurate provided that the material 
thermal behavior is uniformly defined. The second approach carries out thermal 
measurements using thermocouples or other devices. The third approach uses the power and 
torque measurements to predict the heat input during FSW. 
 
 153 
In light of the available data, the third method was used; although it showed huge deviation 
from the expected results. This method used the torque to calculate the heat input during 
welding, which was given as: 
     (6.1) 
 
Where P is the power in Watts,  is the tool rotation speed in rad/sec, and  is the spindle 
motor efficiency. This model was used by Reynolds et al, 2001. Their findings indicated that 
the transverse tensile strength increases with the decrease in the weld specific energy (i.e. 
increasing the feed rate) as shown in Fig. 6-19. 
  
(a) 
 
(b) 
Fig. 6-19: Effect of FSW feed rate on the tensile strength of the material: (a) using 
different tools, (b) versus the specific weld energy (Reynolds et al, 2001)  
 
By using this approach, all statistical relations were found to be insignificant (studying the 
effect of heat input on the transverse strength). In comparison to the case of Reynolds et al, 
this research used the rpm as another variable to identify this relation. One major factor that 
contributes to the complexity of the heat input phenomenon is the multiplicity of variables 
and factors that are included in FSW. These factors include in addition to the rpm and feed 
rate, the z-axis force, the tool geometry, machine efficiency, cooling system, and material 
properties.  
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Finally, it can be argued that the use of the third approach to indicate the amount of heat input 
cannot be justified since it draws various concerns. For example, in the obtained data, the 
calculated heat input for the 500 rpm were higher than those obtained for the 1000 rpm based 
on the fact that the torque values decreased on changing the gearbox. Other experimental data 
and numerical models showed that there is a definite increase in temperature with the increase 
in the rpm as shown in Fig. 6-20. 
 
Fig. 6-20: Effect of increasing the rpm on the measured peak temperature 
 (Tang et al, 1998)  
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CHAPTER VII 
CONCLUSIONS 
 
Based on the analysis of the results, the followings findings can be concluded: 
1. FSW successfully joins AA 2095 alloys. The maximum retention of mechanical 
properties happens in the as-welded condition. High retention of room temperature 
mechanical properties was also achieved in the post-weld heat treated conditions using 
natural and artificial aging. 
2. The as-weld microstructure can be divided into four distinct zones, which are: the base 
metal, heat affected zone, thermo-mechanically affected zone, and the stir zone. 
Within the TMAZ, a region of excessive grain deformation is observed and defined as 
the swirl zone. The geometry of these zones is totally dependent on the process 
parameters. 
3. The post-FSW heat treated microstructure experiences abnormal grain growth after 
solution heat treatment. The AGG increases with the increase in rpm speeds. The 
effect of the feed rate was found to be more complex. 
4. Joint strength depends on multiplicity of variables. Some variables are related to the 
process, such as: the feed rate and tool rotation speed. 
5. In the as-welded condition, the interaction between the two process parameters 
statistically appears to be the more decisive factor in controlling the strength of the 
material. The interaction can be defined as the mixed flow and thermal effects due to 
both the rpm and feed rate. 
6. In the post-weld heat treated condition, the individual process parameters become 
more significant in controlling the mechanical properties of the welds, where strength 
increases with the increase in rotation speed, and with the decrease in the feed rate.  
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7. Not only superplasticity is retained in longitudinal FSW joints of the stir zone, but also 
enhanced by some joining parameters. The rpm is the sole controlling parameter for 
grain refinement and dynamic recovery and recrystallization taking place within the 
stir zone. 
8. The optimum SPF conditions occur at 495°C, 1!10-3 sec-1, producing the maximum % 
elongation-to-failure for the 1000 rpm-4.2 mm/sec weld. Though high elongations for 
other conditions were reported at relatively lower strain rates; however from economic 
point of view, fast rates are preferable. 
9. Heat input calculations using the measurement of input torque do not appear to be a 
justifiable measure for the actual heat input to the weld. Other factors should be 
included to come up with a justifiable measure of the heat input associated with FSW.  
         
 157 
CHAPTER VIII 
RECOMMENDATIONS FOR FURTHER STUDIES 
 
Based on the current work, further studies and investigations are recommended.  
1. Investigating the effect of the grain size distribution and misorientation angles s for 
the various FSW parameters. 
2. Understanding for the factors leading to abnormal grain growth in post-weld heat 
treated joints. This requires texture analysis using Orientation imaging microscopy 
(OIM). 
3. Studying the effect of the SPF temperatures on the microstructural evolution of the 
various weld conditions. 
4. Exploring the effect of T6 temper condition, compared to T4 and T7 post-heat treated 
conditions for the welded sections. 
5. Investigating the SPB of the as-welded sections over wider regions within the weld 
nugget. 
6. Establishing accurate numerical or experimental models for the heat input during FSW 
is required. The available models investigated the effect of rpm, but none investigated 
the effect of the feed rate, and possibly the z-axis force. 
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